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ABSTRACT
Serial Position Effect Profiles and Their Neuroanatomical Correlates: Predictors of
Conversion to Alzheimer’s Disease
by
Isabelle Avildsen
Advisor: Nancy S. Foldi, Ph.D.
The current study was designed to determine whether targeted, premorbid,
neuropsychological measures of the serial position effect (SPE) can detect and explain risk
for later development of Alzheimer’s disease (AD). The study tested the utility of SPE
measures in healthy controls (HC) and individuals already diagnosed with mild cognitive
impairment (MCI) or AD. Aim 1 was to determine whether these sensitive, valid
neuropsychological measures can explain disease risk. SPE of list-learning are highly
sensitive cognitive markers that capture important elements of both linguistic and amnestic
mechanisms of encoding, learning, and retrieval. Using the Rey Auditory Verbal Learning
Test (RAVLT), we tested two measures of serial position effect scores (SPE-Index)
calculated as accuracy recall at different serial positions at Learning, Short-Delay or LongDelay, as well as SPE profile scores (SPE-Contrast), which compared accuracy recall of
two SPE positions. The three SPE-contrast scores were calculated from primacy, middle,
and recency list regions at Learning (Learning), short and long delay recall (SD, LD) trials
as follows: (1) J-Shape captures difference between recency and primacy scores at
Learning (RecencyLearning - PrimacyLearning); (2) Recency-Drop captures change of recency
scores from Learning to SD (Recency Learning – RecencySD); and (3) Primacy Progression
captures how primacy accuracy progresses from Learning to LD (Primacy LD PrimacyLearning). We first entered both measures to explain risk of conversion to disease
status from a) HC (N = 200) to MCI or AD; and b) from MCI (N = 353) to AD using the
Alzheimer’s Disease Neuroimaging Initiative (ADNI) dataset. We then contrasted the
SPE-Index and SPE-Contrast scores to traditional total list-learning scores from the
RAVLT as predictors of conversion. In Aim 2 we performed whole-brain analyses and
posited that performance of SPE-Index scores would be subserved by distinct brain regions
relevant to learning and encoding. We hypothesized that relevant language and memory
driven SPE scores would be associated with corresponding neuroanatomical correlates. For
example, we predicted that SPE-Primacy scores would be positively correlated with
hippocampal, medial temporal, and frontal lobe regions given their associations with
semantic encoding and retrieval. Alternately, we hypothesized that SPE-Recency scores
would be positively correlated with inferior parietal and superior temporal gyrus regions,
which would explain preserved phonological processing of items.
Findings supported our Aim 1 hypothesis. We demonstrated that in preclinical (HC)
individuals, diminished Short Delay recall performance of a word-list task best explained
conversion risk. The Primacy item recall at Short Delay emerged as a particularly sensitive
predictor of progression along the clinical AD spectrum for preclinical individuals. TotalRAVLT list scores at Short Delay also emerged as a predictor, although subsequent
iv
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analyses highlighted that the primacy items at Short Delay were driving this signal. To our
knowledge, these data are the first to support the importance of short delay primacy items
as a predictor of disease development in the preclinical population. In MCI, all SPEContrast profiles in addition to all SPE-Index scores, with the exception of Recency at SD,
significantly explained risk of progression to AD. In MCI, the SPE scores’ utility was
similar to that of Total-RAVLT list scores. Findings for Aim 2 were mixed. Contrary to
our hypotheses, in HC, we found Recency at Long Delay to be associated with left medial
orbitofrontal cortical thickness, but no other significant SPE-Index or Total-RAVLT list
score to have significant cortical volume or thickness correlates. By the MCI stage, the
SPE-Index measures of Primacy and Middle list positions were associated with a range of
regional volumes and thicknesses as were Total-RAVLT scores. The SPE-Index scores at
this stage of disease did associate with more specific regions than Total-Scores; but SD,
which was of primary interest in preclinical individuals, did not emerge with any
significant SPE-Index correlates.
Together, this study demonstrated that well-selected, theoretically driven
neuropsychological measures can play a prominent role in identifying healthy individuals
at great risk of developing AD. Importantly, the initial primacy items of long word-lists
rely on semantic processing to be encoded. We propose that future study of other
biomarkers to associate with SPE-Primacy in healthy individuals will be critical in order
to capitalize on its sensitivity as a predictor of future disease. Furthermore, these SPE
scores have the benefit of drawing on theoretical underpinnings and mapping on to specific
AD disease processes that may be missed by total scores.
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INTRODUCTION
To ground the current study in its historical context and establish its relevance to
the field, we first describe the evolution of diagnostic criteria that have been used to define
Alzheimer’s disease (AD) from 1984 through 2018. Next, we will discuss types of
cognitive tasks that have been proposed to capture disease progression. Subsequently, we
will propose and illustrate the significance of the Serial Position Effect (SPE), and SPEContrast scores in particular, as a priori markers of incipient disease.

In the United States, 6.2 million people aged 65 and older live with dementia—a
progressive loss in memory, language, problem-solving, and other cognitive skills that
impact one’s ability to carry out everyday activities (Alzheimer's Association, 2021). AD
is the most common cause of dementia and is characterized by a particular progression of
cognitive impairments and the development of distinctive pathological markers. By 2050,
the prevalence of individuals with AD in the United States is estimated to increase to 12.7
million, with AD becoming the sixth leading cause of death and costing the nation
billions of dollars (Alzheimer's Association, 2021). The diagnosis of AD has been met
with controversy due to two leading schools of thought. One school (Jack et al., 2018)
posits that the presence of biomarkers (i.e., amyloidosis) is necessary and sufficient for
diagnosis, while the other school argues for the inclusion of both cognitive symptoms
(i.e., marked decline in mnemonic and semantic abilities) and biomarkers. If we are to
support this latter proposal, we must first address the existing problems of currently used
cognitive measures. Many researchers (Jak, Bangen, et al., 2009; Roalf et al., 2013; Roalf
et al., 2016; Saxton et al., 2004) have argued that the cognitive measures commonly
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employed to detect AD (e.g. Mini Mental Status Exam (MMSE), Montreal Cognitive
Assessment (MoCA)) are too global, and thus, more sensitive and specific markers of
cognitive decline are needed. These cognitive markers could also be corroborated with
biological evidence of the disease. To contextualize this study historically, the following
outline describes the evolving diagnostic criteria used to define AD from 1984 through
2018.
The Development of Markers of Mild Cognitive Impairment (MCI) and Alzheimer’s
Disease (AD)
Cognitive criteria have always been required for a diagnosis of AD. The National
Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer’s
Disease and Related Disorders Association (NINCDS-ADRDA) 1984 workgroup were
among the first to formalize criteria for what they termed: “possible,” “probable,” and
“definite” AD (McKhann et al., 1984a). Possible AD requires documentation of a gradual
decline in a single cognitive domain (i.e., memory) in the absence of other
diseases/disorders that may explain this change. Probable AD requires progressive
decline in memory and another cognitive function, no disturbance to consciousness, onset
in adulthood (i.e., between 40 and 90), and again absence of any other diseases that could
account for these changes. Notably, while impaired activities of daily living are
supportive features of this diagnosis, they were not required features of AD in 1984.
Definite AD requires the same criteria for probable AD plus histopathologic evidence
from biopsy/autopsy.
In 2011, the National Institute on Aging-Alzheimer’s Association (NIA-AA)
workgroup revised the 1984 NINCDS-ADRDA criteria for AD to what they termed “AD
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dementia.” First, a substantial impact of activities of daily living (ADL) had to be
documented to diagnose any dementia. Second, possible AD dementia now referred to
either persons who demonstrated the typical cognitive deficits seen in AD, but with an
unclear progression of symptoms, or those with etiologically mixed presentations (e.g.,
concomitant presentation of AD dementia and dementia with Lewy bodies). Probable AD
was changed to not have memory decline as one of the required cognitive domains
impaired in the disease course (i.e., nonamnestic presentations of AD). Lastly, definite
AD was redefined as “pathophysiologically proved AD dementia.”
In 2013, the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition
(DSM-5; American Psychiatric Association, 2013) reclassified “dementia” to
“Neurocognitive Disorder” (NCD). NCD was further broken down into severity of
impact to activities of daily living (i.e., Minor or Major NCD) and potential etiology
(e.g., AD or Lewy Body Disease). The DSM-5 retained the “possible” and “probable”
AD nomenclature from the previously mentioned criteria to use with either minor or
major NCD due to AD. An important inclusion was the provision to diagnose probable
AD solely by evidence of a causal genetic mutation (e.g., amyloid-beta precursor protein,
presenlin-1, presenilin-2, etc.). However, both possible and probable AD per the DSM-5
classification scheme required a clear decline in memory and learning, while the 2011
NIA-AA criteria allowed for non-amnestic presentations.
While the above criteria attempted to classify the AD syndrome at the level of
possible or probable, there have also been important attempts to detect preclinical
characteristics of AD. These have included both early cognitive markers (Gainotti, 2010)
as well as biomarkers (Jack et al., 2011) that increase the risk of developing AD.
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Preclinical biomarkers were detailed beginning with the 2011 clinico-pathological
guidelines (Jack et al., 2011) for healthy individuals (Sperling et al., 2011), those with
mild cognitive impairment (Albert et al., 2011) and AD (McKhann et al., 2011), and
incorporated available in-vivo pathophysiological biomarkers. The biomarkers proposed
were amyloid-beta (Aβ) (Klunk et al., 2004; Mathis et al., 2004), neuronal degeneration
(Baron et al., 2001; Busatto et al., 2003), elevated cerebrospinal fluid (CSF) tau
(Blennow & Hampel, 2003; Bürger née Buch et al., 1999), decreased fluorodeoxyglucose
(FDG) uptake on PET scans in the temporoparietal cortex (Modrego, 2006), or
disproportionate atrophy in the medial, basal, and lateral temporal lobe and medial
parietal cortex (Jack et al., 2008).
While the 2011 NIA-AA and 2013 DSM-5 criteria emphasized cognitive decline
as primary and necessary for AD diagnosis, there was also a contemporaneous set of
criteria (Jack et al., 2013) that proposed an alternative classification scheme. This scheme
promoted biomarker evidence as primary for AD diagnosis. This proposal stemmed from
a model that predicted a sequenced disease progression from early biological changes to
eventual cognitive/functional change (Buchhave et al., 2012; Croisile et al., 2012). The
three phases of this sequence were: preclinical, mild cognitive impairment (MCI) 1, and
lastly AD (Jack et al., 2013; Sperling et al., 2011). The preclinical stages of AD were
solely defined by neuroimaging and cerebrospinal fluid (CSF) biomarkers, with CSF Aβ42 said to emerge first, followed by positron emission tomography (PET) amyloid

1
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signatures, CSF tau, and lastly neurodegeneration as seen on PET and MRI (Jack et al.,
2013).
The field increasingly accepted not only that biomarker changes appear to precede
the earliest cognitive declines, but also that cognitive changes only emerge during MCI
(Jack et al., 2018; Jack et al., 2013). The 2013 Jack criteria still included cognitive
changes as necessary to meet criteria for AD; however, the most recent 2018 (Jack et al.,
2018) update to these criteria (Amyloid-Tau-Neurodegeneration; ATN) promote sole
diagnosis by biomarkers; cognitive symptoms are used only to stage severity within the
continuum.
While both genetic risk factors and biomarkers may be instructive, biomarkers
may not always be accurate predictors of preclinical risk. For instance, those with AD
pathology may never develop a diagnosis of AD (Zolochevska et al., 2018). Therefore,
while biomarkers may act as surrogates of AD-related pathophysiology, they may not be
sufficient for capturing the disorder and determining preclinical risk. Cognitive markers
are thus necessary to accurately diagnose clinical AD, and particularly to characterize the
severity of the neurocognitive disorder. Furthermore, sensitive cognitive markers can add
valuable predictive information even beyond that of global memory dysfunction
(Mistridis et al., 2015; Saxton et al., 2004; Schmid et al., 2013; Tierney et al., 2005).
With this history in mind, please note that for the remainder of the thesis, our usage of
“AD” refers to the hallmark clinical dementia that is most often caused by a specific
pathophysiology.
Criteria and Definitions of Mild Cognitive Impairment – A Prodrome of
Alzheimer’s Disease

5
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Previous definitions of AD used a continuum of cognitive functioning from
healthy to AD. The diagnosis of MCI was assigned along this continuum to individuals
whose cognitive functioning had not yet declined to the level of those with AD (typically
2.0 or more standard deviations [SD] below an age-matched person), but who were 1.0 or
1.5 SD below the average level of cognitive functioning for their age. Additionally, these
individuals did not show significant decline in their ability to carry out their activities of
daily living.
The MCI diagnosis from 2004 (Petersen, 2004) and 2011 (Albert et al., 2011)
required specific documentation. At that time, the Clinical Dementia Rating (CDR)
classification had to be above 0 (range 0, 0.5, 1 etc.). Subsequently, impairment (-1.5 SD
below the mean for an individual’s age group (Albert et al., 2011; Petersen, 2004) was
also required. While there were studies that argued that an MCI diagnosis could be
predictive of AD (Albert et al., 2007; Dickerson et al., 2007; Petersen, 2004; Taragano et
al., 2008), there was controversy about the metrics used as well as this definition of MCI.
First, the 2004 definition (Petersen, 2004) did not specify which test was to be used to
demonstrate -1.5 SD performance; some were generic screening tests (e.g., Mini Mental
State Examination, (MMSE; Folstein et al., 1975); Alzheimer’s Disease Assessment
Scale-Cognitive, (ADAS-Cog; Rosen et al., 1984), while others were more domainspecific [e.g., California Verbal Learning Test (CVLT; Delis et al., 1991), Rey Auditory
Verbal Learning Test (RAVLT; Rey, 1958)]. Second, cognitive tests for MCI did not
delineate clear cutoff points (Anderson, 2019; Bondi & Smith, 2014; Petersen, 2016).
Third, no prescriptive period was indicated during which a person could maintain -1.5 SD
on a test, and much of the diagnosis was left to the clinician’s judgement (Petersen, 2004;
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Petersen et al., 1999). Fourth, there was no clarity about the expected or estimated rates
of conversion from MCI to AD (Jak, Bangen, et al., 2009; Jak, Bondi, et al., 2009). In
fact, Gainotti (2010) suggested that individuals identified as MCI subsequently may not
decline further or may return to normality at a percentage of anywhere from 4 to 43% of
the time. Importantly, Gainotti (2010) documented that these higher rates of persons with
MCI being later reclassified as cognitively normal were associated with studies using
global measures (e.g., MMSE, 25% return to normality) as opposed to measures with
greater domain specificity (e.g., RAVLT, 4% return to normality).
The role of the pathophysiology in an MCI diagnosis has also been controversial.
For instance, while AD pathophysiology can be present in clinical MCI (Bennett et al.,
2005; Markesbery et al., 2006; Petersen et al., 2006), quantitative guidelines are murky
and still seem to be specific only to the individual. The lack of specificity in
pathophysiology is a clear detriment to the previously mentioned 2018 classification
system, which proposed that only AD biomarkers – not documented cognitive change –
can be seen in preclinical phases as precursors to MCI and then in development of AD
(Jack et al., 2018). As stated earlier, the lack of documented cognitive deficits in
preclinical and early MCI phases is likely due to the global nature of the currently used
cognitive measures, thus lacking the sensitivity needed to robustly detect the developing
disease (Arnáiz & Almkvist, 2003). Studies that use sensitive, domain-specific
neuropsychological tests to corroborate the underlying disease process of AD have shown
that cognitive impairment can be detected from as early as two to up to nine years before
the development of AD (Amieva et al., 2005; Bäckman & Small, 1998; Grober et al.,
2018; Schmid et al., 2013; Tabert et al., 2006; Thomas et al., 2018; Tierney et al., 1996).
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In sum, given that a patient with MCI can either convert to develop AD (MCI
converter), never progress (MCI non-converter), or revert back to “normal” (HC) it is
critical to identify those at-risk of disease in this population and in earlier healthy control
(HC) populations. It is our aim to identify cognitive markers that are sensitive enough to
capture true preclinical (HC) and MCI populations.
List-Learning and Alzheimer’s Disease
While AD-related impairment can be detected in multiple cognitive domains, the
two hallmarks of the disease are a decline in episodic memory (Desgranges et al., 1996;
Gainotti et al., 1998b; Hodges et al., 1990; Petersen et al., 1994; Taler & Phillips, 2008;
Traykov et al., 2007) and in semantic processing (Amieva et al., 2005; Amieva et al.,
2008; Caputi et al., 2016; Chan et al., 1995; Chang et al., 2015; Chasles et al., 2019;
Chertkow & Bub, 1990; Hodges et al., 1992b; Martin & Fedio, 1983b; McLaughlin et al.,
2014; Nebes, 1989; Salmon et al., 1999; Vonk et al., 2020; Wilson et al., 2011).
Impairment in episodic memory, or the ability to encode, store, and retrieve
knowledge that is both experienced by the person and has context in time and space
(Tulving, 1983, 1985), has long been an early sign of AD (Desgranges et al., 1996) and is
widely used as a cognitive marker (Cullum et al., 1995; Gainotti et al., 1998a; Greene et
al., 1996; Le Moal et al., 1997). The emphasis on “episodic memory” decline may
obfuscate detection of other earlier impairments in disease development, namely the
dissolution of the semantic knowledge network (Bayles et al., 1990; Butters et al., 1987;
Grober et al., 1985; Hodges et al., 1992a; Martin & Fedio, 1983a; Monsch et al., 1992).
Importantly, classic memory nomenclature refers to “episodic memory and “semantic
memory” (Tulving, 1991), each of which is supported by different neural underpinnings
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(Binder & Desai, 2011; Vargha-Khadem et al., 2001; Vargha-Khadem et al., 1997). For
purposes of this dissertation, we will discuss the semantic system as a reflection of the
linguistic lexical deficit seen in AD, which should not be confused with the term
semantic “memory.”
Isolating the semantic difficulty is first a reflection of a linguistic deficit in the
appreciation or ability to organize semantic categories, word meaning, superordinate
categories, objects, and/or representational knowledge (Giffard et al., 2008). In tasks of
word generation that use letter versus semantic cues, research reveals the breakdown of
the semantic network, and its sensitivity to the early stages of the disease (Amieva et al.,
2005; Amieva et al., 2008; Andersson et al., 2006; Caputi et al., 2016; Chan et al., 1995;
Chasles et al., 2019; Henry et al., 2004; Krumm et al., 2021; Traykov et al., 2007; Vonk
et al., 2020; Wilson et al., 2011). Word generation tasks that include instructions to
utilize semantic cues require the ability to appreciate the organization of words into
superordinate categories. An inability to do so may reflect both a deterioration of the
semantic network (Chan et al., 1997) and/or poor access to an otherwise preserved
network. Nebes (1989) studied different types of semantic deficits (e.g., word finding,
knowledge about semantic attributes, and category membership) and argued that it is the
loss of knowledge about semantic attributes that impairs efficient encoding of verbal
information. More recently, Quaranta and colleagues (2019) verified that even amnestic
MCI converters show deterioration in their ability to tap into semantic associations on a
semantic fluency task; indeed, the influence of semantic associations, as measured by
N400 amplitudes, appears to be smaller in those with AD (Joyal et al., 2020).
Additionally, those with AD demonstrate impairments on measures of semantic priming,
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which highlights the loss of specific features of concepts in individuals with AD (Giffard
et al., 2008; Laisney et al., 2011; Ober, 2002). However, Nevado and colleagues (2021)
suggest that in MCI, while early changes in semantic organization and grouping do occur,
the deficit reflects an overlying executive dysfunction, specifically affecting the
mechanism of search as needed in a verbal fluency test. Thus, access to semantic and
degradation of the semantic knowledge network may occur, but just at different stages of
disease. Indeed, research has found that impairments in the ability to access semantic
stores (an executive ability) may precede the ultimate semantic store degradation (a
linguistic ability) that occurs in AD (Duong et al., 2006; Guglielmi et al., 2020; Guidi et
al., 2015).
Studies investigating performance on list-learning tasks offer an alternate
approach to characterize semantic abilities. As opposed to responding to a directive
category as in verbal fluency tasks, list learning draws on self-initiated clustering skills
and one’s own ability to independently recognize or generate semantic clusters (e.g.,
CVLT) over learning trials. Indeed, poor semantic clustering during a list-learning task is
predictive progression to MCI in healthy individuals (McLaughlin et al., 2014).
Furthermore, unlike healthy controls, those with aMCI or AD do not appear to benefit
from deliberate semantic orientation to promote deep encoding during list learning
(Hudon et al., 2011).
Therefore, verbal memory tests (Andersson et al., 2006; Grober et al., 2008;
Henry et al., 2004; Mistridis et al., 2015; Rabin et al., 2009; Salmon, 2012) may
successfully identify early disease development given their unique ability to measure
both episodic memory as well as semantic network degradation. Word list-learning tasks,
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in which participants learn a list of words over multiple learning trials and recall them
after a short and long delay, are particularly sensitive to the earlier MCI phase (Marra et
al., 2000; Mistridis et al., 2015; Rabin et al., 2009). Those with MCI perform poorly on
these verbal list-learning outcome measures due to deficits in encoding, storage, and
retrieval (Andersson et al., 2006; Traykov et al., 2007). Thus, list-learning tasks are prime
candidates to capture decline in AD.
Serial Position Effect (SPE) in List-Learning and Sensitivity to Alzheimer’s Disease
While the above research emphasizes both semantic and mnemonic deficits in
retrieval, these studies are evaluating overall recall metrics. However, in list-learning
word recall tasks, all words are neither learned nor remembered in an equal manner.
Serial position effects (SPE) (Ebbinghaus, 1885) describe this preferential recall from
sections of the list, where a word’s list position drives distinctive methods of encoding
and storage mechanisms (Murdock, 1960). Among the initial (primacy) middle (middle)
and final items (recency), the dual storage model (Atkinson & Shiffrin, 1968b; Deese &
Kaufman, 1957; Murdock Jr., 1962) proposes that the primacy items benefit from longterm storage, while recency items remain in a temporary working memory buffer during
immediate recall. The complementary levels of processing model (Craik & Lockhart,
1972) further describes that primacy items may preferentially enter long-term storage due
to the availability of “deep,” semantic processing resources during encoding, while
recency items rely on “shallow” phonological processing, and thus remain in a temporary
working memory buffer.
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Serial Position Effect – Dual storage
The serial position effect only emerges once the list length exceeds working
memory (usually >7 items). The classic U-shaped learning curve of SPE (recall of
primacy and recency words > middle items) (Deese & Kaufman, 1957; Glanzer, 1968;
Murdock, 1967; Murdock Jr., 1962), reflect qualitatively different underlying theoretical
mechanisms. As mentioned earlier, the deep semantic processing of primacy items is
dissociated from the mechanisms drawing on shallow phonological processing of recency
items, explaining the dual-storage model of both qualitatively and mechanistically
different mechanisms of item processing (Craik & Lockhart, 1972; Murdock Jr., 1962).
Deep processing of primacy items reflects memory consolidation via semantic processing
(Craik, 1970), whereas the recency items, relying on lower level phonological processing,
reflect more shallow analysis (Atkinson & Shiffrin, 1968a; Craik, 1970). Thus, in a
typical person, primacy items are better recalled over time, as a function of the
availability of deep semantic processing to better encode and store information, whereas
recency items are recalled well during learning, due to residence in a temporary working
memory buffer.
The traditional SPE U-shaped learning curve measures, as described above
with equivalent primacy and recency, looked only at learning. Work in our laboratory,
however, has shown that SPE divisions can be applied to short and long delay recall
periods.
Serial Position Effect profiles across Learning and Delay in AD
The SPE dissociation is applicable to AD, not only because of the mnemonic
deficits, but also because of the evidenced flawed semantic processing and spared
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shallow phonological processing observed in individuals who develop the disease
(Bayles, 1982; Kempler et al., 1987). As such, study of SPE phenomena in AD is
particularly relevant (Bäckman & Small, 1998; Bayley et al., 2000; Bigler et al., 1989;
Buschke et al., 2006; M. Campos-Magdaleno et al., 2016; Capitani et al., 1992; Delis et
al., 1991; Foldi et al., 2003; Gainotti & Marra, 1994; Gainotti et al., 1998b; Massman et
al., 1993; Pepin & Eslinger, 1989) .
At learning, the SPE profile in AD loses the classic U-shaped curve with
disadvantaged primacy recall at encoding as compared to healthy controls, and a
concurrent ability to retain the recency items (Bayley et al., 2000; Bigler et al., 1989; M
Campos-Magdaleno et al., 2016; Carlesimo et al., 1996; Egli et al., 2014; Foldi et al.,
2003; Gainotti & Marra, 1994; Gainotti et al., 1998b; Moser et al., 2014; Turchetta et al.,
2018). This is consistent with the theoretical underpinnings of SPE, wherein at learning,
the primacy items tend to undergo deep semantic processing – a process evidenced to
deteriorate in patients with AD – and recency items undergo shallow phonological
processing, a process that is relatively preserved in AD.
On Delay, SPE profiles show impaired ability to retain the learned recency items,
which decline on later short and long delay recall (Bigler et al., 1989; Bruno et al., 2016;
Bruno et al., 2013; Carlesimo et al., 1996; Egli et al., 2014; Foldi et al., 2003; Gainotti &
Marra, 1994; Talamonti et al., 2020). This failure to consolidate information also
signifies that recency item performance at learning – albeit similar to healthy controls –
reflects distinct consolidation and retrieval processes at work, which are essential to an
individual’s storage system and may portend later reliability of retrieval.

13

SPE PROFILES AND NEUROANATOMICAL CORRELATES: PREDICTORS
OF CONVERSION TO AD
SPE results in AD focus not only at learning, but, importantly on short delay and
long delay recall as a method to examine failure to consolidate information that may have
been encoded. Studies that examine SPE effects from learning to short and long delay in
individuals with AD have demonstrated the loss in recall of recency items (Egli et al.,
2014). The relative drop in or inability to retain learned recency items at short and long
delay characterized elderly individuals with AD (Bruno et al., 2016; Bruno et al., 2013)
and was predictive of those who were healthy but later progressed to AD. These deficits
likely reflect reliance only on shallow processing of end-of-list items, which are then
easily susceptible to decay. This may be the result of an individual’s poor semantic
processing, which would facilitate later retention and retrieval.
Performance in healthy older adults from learning to long delay shows
improvement over time of primacy list items, unlike those with AD who are unable to
learn them at initial exposure (Foldi et al., in preparation). We propose that this primacy
progression captures an individual’s ability to consolidate over time, and the initial
encoding processes and their subsequent retrieval reflects active and preserved semantic
encoding.
Predicting Conversion in Healthy Controls and Mild Cognitive Impairment: Serial
Position Effect
The specific SPE profiles mentioned above are uniquely poised as diagnostic entities
for AD as they are sensitive and specific to mnemonic mechanisms that are failing in
early disease development. Indeed, global cognitive measures in HC and MCI
populations are insufficient to capture those with true underlying pathology. To
determine who is preclinical and will develop AD is imperative. Sensitive cognitive
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markers can better address this difficult diagnostic classification of MCI (Bondi & Smith,
2014; Jak, Bondi, et al., 2009; Roalf et al., 2013; Roalf et al., 2016).
Specific SPE profiles in those with AD, have also shown predictive value in those
at earlier phases of disease, including to those who progress to MCI (Gainotti, 2010;
Grober et al., 2008; Mistridis et al., 2015; Weitzner & Calamia, 2020). SPE markers of
those diagnosed with MCI have also been shown to be predictive of conversion to AD
(Bennett et al., 2006; Bruno et al., 2016; Bruno et al., 2013; Cunha et al., 2012; Egli et
al., 2014; Howieson et al., 2011). Cunha et al. (2012) found the lack of a primacy effect
at learning was able to differentiate between healthy controls and those with MCI as well
as between MCI converters and non-converters, arguing that the primacy effect is more
sensitive and specific to conversion than is the recency effect. Additionally, Egli et al.
(2014) found that for every standard deviation decrease in regional primacy score at
learning, risk increased five-to-six-fold for developing AD. In addition, primacy at
learning appears to predict everyday functioning at even 10 years post-baseline in healthy
individuals (Weitzner et al., 2022). Furthermore, reduced primacy compared to recency at
learning significantly differentiated healthy individuals with a positive family history of
AD from those without one, suggesting these markers could be important preclinical
markers of disease (La Rue et al., 2008).
SPE short and long delay in patients with MCI captures information of
consolidation over time, although with varying findings. Egli and colleagues (2014)
assessed risk of conversion to AD in patients classified with MCI. Primacy scores over
learning trials were the best predictors of disease conversion over and above any other
total list scores at learning, short or long delay, or any other neuropsychological and
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biometric measures. Studies from Bruno and colleagues (2021; 2020) have also
documented that a loss in primacy performance from learning to long delay may predict
development of MCI; moreover, this change in primacy also correlates with amyloid
positivity. In terms of recency, they also reported (2018; 2016) that a Recency Ratio,
calculated as the fraction of Recency at Learning to Recency at Short or Long Delay
recall, was sensitive to disease development.
Studying primacy item recall from learning and then characterizing it over time is
particularly important theoretically. By virtue of using a long list, the process of learning
the list forces individuals to engage mechanisms that extend beyond temporary storage in
a working memory buffer. The availability of “deep” semantic processing resources for
primacy items in particular explains the different recall profile not only seen at learning,
but also at subsequent delays. While healthy controls are able to improve their primacy
scores over time (from Learning to Long Delay), those with MCI and AD fail to do so
(Foldi et al., in preparation). Indeed, Egli et al. (2014) found that in persons with MCI,
only primacy scores at long delay significantly predicted risk of developing disease over
and above any other list-learning measure. The hypothesized confluence of both
mnemonic and semantic mechanisms at play in encoding primacy items should best
detect the breakdown in networks observed in AD, and thus detect eventual conversion to
AD.
Neuroanatomical Correlates
Neuroanatomical Correlates of Learning and Memory
Semantic tasks have been shown to activate the posterior temporal gyrus (Burton,
2001; Chee et al.; Hickok, 2009; Hickok & Poeppel, 2000; McKinnon et al., 2018).
Following the recognition of sound in the superior temporal lobe, it is posited (Matchin et
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al., 2022) that phonological-level aspects of the word are determined by the superior
temporal sulcus and the concept is accessed due to the lateral posterior temporal lobe
(Hickok, 2009).
Episodic memory encoding of list learning tasks has been linked to left prefrontal
and MTL structures (Buckner, 1995; Cabeza, 2001; de Chastelaine et al., 2011; Sidhu et
al., 2013), and more specifically, early encoding trials of a multiple trial list learning task
have been associated with inferior parietal, middle frontal, and temporal pole regions of
interest, whereas later encoding trials are more associated with MTL and the temporal
pole (Baker et al., 2001; Gabrieli et al., 1998; Wolk et al., 2011).
AD continues to be associated with atrophy of the medial temporal lobe (MTL)
and hippocampus (Buckley, 2021; Luo et al., 2020; Ruan et al., 2016; Williams et al.,
2021), as well as of the basal ganglia and thalamus (Leocadi et al., 2020). Morphometric
measures of MTL, entorhinal, and perirhinal thinning are significant predictors of
episodic memory performance in AD (Dickerson et al., 2009). Reduced cortical thickness
has been found in the entorhinal cortex, temporal pole, inferior temporal gyrus, middle
temporal gyrus, inferior parietal cortex, superior parietal cortex, precuneus, and posterior
cingulate cortex (Pettigrew et al., 2016) Diffusion magnetic resonance imaging (dMRI)
has shown reduced anisotropy and increased diffusivity in the temporal and frontal lobes,
cingulum, and corpus callosum in those with AD genetic risk (Harrison et al., 2020). In
addition, changes in the default mode network (DMN) in AD patients have gained
increasing attention (Veitch et al., 2019; Zhao et al., 2018). Together, impairment in
regional cortical thickness, volume, and network connectivity can all play a role in the
disruption of episodic memory.
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Neuroanatomical Correlates of the Semantic System
The semantic system is broad and has connectional architecture (Harvey et al., 2013)
involving focal grey matter regions as well as white matter interconnectivity. In addition,
it is associated with focal regions including the anterior temporal lobe, left inferior
prefrontal cortex, and temporo-parietal regions (Garavan et al., 2000; Jedidi et al., 2021b;
Joubert et al., 2010; Martin & Chao, 2001; Patterson et al., 2007; Poldrack et al., 1999;
Rogers et al., 2006). Impairments in semantic fluency have been associated with reduced
18F-FDG-PET uptake in the inferior parietal lobule, entorhinal cortex, isthmus cingulate,
and precuneus-posterior cingulate as well as reduced hippocampal volume and cortical
thinning (Vonk et al., 2020). A meta-analysis of 120 functional neuroimaging studies
found the semantic system activations to include the posterior inferior parietal lobe,
middle temporal gyrus, fusiform and parahippocampal gyri, dorsomedial prefrontal
cortex, inferior frontal gyrus, ventromedial prefrontal cortex, and posterior cingulate
gyrus (Binder et al., 2009). Research implicates the perirhinal cortex in critical semantic
binding properties (Clarke & Tyler, 2014; Kivisaari et al., 2012; Kivisaari et al., 2019),
where corresponding atrophy of the perirhinal cortex is more associated with semantic
deterioration over episodic memory impairment (Davies et al., 2004).
Furthermore, semantic impairment seen in amnestic MCI (aMCI) and AD has
been found to be correlated with atrophy of the anterior temporal lobe and inferior
prefrontal cortex (Joubert et al., 2010; Pineault et al., 2018), indicating that the semantic
degradation in the AD process appears to be at least partially due to the breakdown of
stored conceptual knowledge in addition to a semantic access deficit.
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List-learning tasks are combine multiple elements of episodic and semantic
processing systems, which is supported by overlapping neural activity of these systems in
neural recording studies during retrieval (Naya, 2016; Weidemann et al., 2019). Semantic
clustering during encoding and before recall is associated with the temporal lobe, frontal
lobe, prefrontal cortex, and occipital lobe (Manning et al., 2012). The component of
semantic clustering, a linguistic skill which can be independent of a memory task, is
invoked during list-learning. In aMCI patients, in particular, lower semantic clustering
was correlated with medial temporal lobe atrophy independent of executive dysfunction
and subcortical white matter hyperintensities (Zhang et al., 2019). Additionally, semantic
interference in individuals with aMCI has been shown to associate with cortical thickness
in the left entorhinal cortex and left medial orbital frontal lobe (Curiel et al., 2018) as
well as reduced volume in the hippocampus, precuneus, rostral middle frontal lobules,
inferior temporal lobules, superior parietal lobules, and temporal pole (Loewenstein et al.,
2017).
Neuroanatomical Correlates of the Serial Position Effect
Neural correlates of SPE have been linked to elements of semantic encoding of
primacy items to medial temporal lobe (MTL) and hippocampal integrity (Baker et al.,
2001; Jackson & Schacter, 2004; Venneri et al., 2008). Sommer, Rose and Buchel (2006)
also linked increased activation in the inferior parietal lobe and angular gyrus to efficient
primacy encoding, implicating the frontoparietal network in successful primacy
encoding. Sederberg et al. (2006) found that increased gamma responses in posterior
regions significantly predicted successful primacy encoding, which they argued was
associated with the lack of need to divide resources for primacy items. Alternately, the
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phonological processing of recency items has not been associated with the hippocampal
memory systems (Talmi et al., 2005), and instead has shown associations with the
superior temporal gyrus (Yu et al., 2018), the middle and inferior temporal gyrus, and left
occipital and frontal pole (Bruno, Grothe, Nierenberg, Zetterberg, et al., 2015). Although
few studies focus on SD, Foldi et al. (in preparation) found that primacy at SD
significantly associated with volumes of the left inferior temporal gyrus extending to the
medial temporal gyrus and temporal pole, supporting involvement of inferior temporal
gyrus in semantic processing. left MTL, superior temporal gyrus, hippocampus and
parahippocampal gyrus. Research using the long delay recall, capturing the semantic
consolidation system, has shown to be subserved by preserved bilateral MTL,
hippocampal, and entorhinal structures (Bruno, Grothe, Nierenberg, Teipel, et al., 2015;
Bruno, Grothe, Nierenberg, Zetterberg, et al., 2015; Venneri et al., 2008). Foldi et al. (in
preparation) proposed that the progression of primacy item recall from learning to long
delay represents successful semantic encoding found that this “primacy progression”
specifically was linked to the MTL as well.
The disease stage may also influence involvement of different neural networks and
hence SPE performance; however, findings described below are mixed. Kasper et al.
(2016) reported that with a diagnosis of amnestic MCI, hippocampal volume was no
longer associated with primacy performance at learning or delayed recall. In contrast,
Chander et al. (2018) found that regardless of healthy or MCI status, those individuals
with low primacy performance at Learning had reduced hippocampal volumes and were
more likely to be ε4-carriers. Brueggen et al. (2016) investigated amnestic MCI patients,
finding that primacy recall at LD was associated with functional connectivity between
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regions in the default mode network, left and right hippocampus and middle cingulate
cortex and thalamus. The studies reviewed thus inform the relationship between
semantic functions and the underlying semantic neural networks in MCI and AD.

CURRENT STUDY
The current study aims to investigate the role of serial position effects (SPE) measures in
the detection and prediction of future AD. Using the longitudinal ADNI database, the
multi-site,

longitudinal

Alzheimer’s

Disease

Neuroimaging

Initiative

(ADNI;

adni.loni.usc.edu) dataset, SPE will be measured in individuals classified as cognitively
normal at baseline who may later convert to MCI and AD or may stay cognitively healthy.
Baseline data and consensus diagnoses of either cognitively normal (HC) or mild cognitive
impairment (MCI) were derived from the ADNI-1 wave. Follow-up diagnostic
classification (as HC, MCI, or Alzheimer’s disease [AD]) was identified from subsequent
ADNI waves (ADNI-GO, ADNI-2, and ADNI-3). Participants were limited to all ADNI-1
participants who underwent cognitive testing and neuroimaging at baseline (T0) and were
tracked longitudinally until their last known diagnosis in 2017 (T2017Dx) [range 0.5-12
years]. SPE-Index scores were derived from item-level recall on the Rey Auditory Verbal
Learning Test (RAVLT).

The predictive validity of both standard SPE measures as well as newly computed SPEcontrast profiles will be applied. The diagnostic criteria used to define AD from 1984
through 2022 has shifted, and increasingly incorporates and relies on biomarkers, at the
expense of cognitive markers. We believe that cognitive markers are both accurate,
explanatory, predictive and cost effective, and should play a greater role in disease
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detection and drug efficacy. SPE markers – representing cognitive domains of both
language and memory and language functions – are cognitive markers that should be
applied, correlate with underlying neurological changes of disease development. The
purpose of the current study is to apply more refined qualitative SPE performance at
timepoints of learning short, and long delay recall that consider the differences in how
words are linguistically encoded, then retained, and later retrieved.

In the current study, we will apply two different Serial Position Effect metrics: 1) The
‘SPE-index’ scores, which reflect primacy, middle, and recency performance across
learning, short, and long delay recall; and 2) The ‘SPE-contrast scores’ derived from SPEindex scores, which capture three characteristic contrast scores based on performance at
learning, short and long-delay. The SPE-Contrast scores include J-shape, Recency Drop,
and primacy progression and are defined as follows:
1) J-Shape: contrasts primacy and recency at Learning, where Primacy < Recency is
the expected profile in AD. We propose that J-Shape contrast scores reflect AD
underlying AD dysfunction of poor initial semantic encoding as well as impaired
consolidation over time.
2) Recency Drop: contrasts recency recall at Learning to recency recall at Short
Delay, where Recency at Learning is > Recency at Short Delay. We propose that
the Recency Drop learning to SD contrast scores reflect poor surface encoding in
AD, which is then vulnerable to fast decay and poor processes of consolidation.
3) Primacy Progression contrasts performance at Learning over time to Long Delay.
We hypothesize that the Primacy Progression in healthy individuals, who engaged
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better initial semantic consolidation and executive processes that aide retention and
better recall at Long Delay.
We propose that these SPE-Index and SPE-Contrast scores across points at
learning, short and long delay will sensitively capture metrics of disease progression in
preclinical HC and MCI populations.
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STUDY AIMS AND HYPOTHESES
Please see Figure 1 for a graphic of the following aims.
AIM 1
Aim 1a: To establish the explanatory utility of baseline SPE-Index scores in ADNI
participants. Primacy, Middle, and Recency scores were derived from RAVLT item-level
recall at Learning, Short Delay, and Long Delay trials. SPE-Index scores of ADNI-1 HC
and MCI participants were used to assess group membership at T2017Dx.
Hypothesis 1a: In HC and participants with MCI, we hypothesize that if poor SPEPrimacy (Primacy at Learning, Short Delay, and Long Delay) recall represents
diminished successful consolidation, then lower Primacy item recall at Learning, Short
Delay, and Long Delay Recall should explain a higher risk of developing cognitive
impairment.
Aim 1b: To establish whether SPE-Contrast profile(s) (J-Shape, Recency Drop, Primacy
Progression) explain(s) risk of group membership at T2017Dx using RAVLT performance
at Learning, Short Delay and Long Delay recall in both ADNI-1 HC and MCI.
Hypothesis 1b: In HC and MCI, we hypothesize that the SPE-Contrast profiles of JShape, Recency Drop, and Primacy Progression-LD will capture both semantic and
episodic encoding/retrieval deficits and thus explain risk of conversion to cognitive
impairment.
Aim 1c: To establish whether baseline SPE indices and/or SPE-Contrast profile(s)
differently explain risk of group membership at T2017Dx compared to Total RAVLT
recall scores in ADNI-1 HC and MCI participants.
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Hypothesis 1c: In HC and MCI, we hypothesize that the SPE-Primacy and SPE-Contrast
profiles will uniquely explain risk of group membership at T2017Dx compared to TotalRAVLT recall scores.
AIM 2
Aim 2a: To determine the neuroanatomical correlates of SPE-Index scores at Learning,
Short and Long delayed recall in HC (covarying for conversion status) and MCI (covarying
for conversion status) in ADNI.
Hypothesis 2a: We hypothesize that SPE-Primacy scores will be positively correlated
with hippocampal, medial temporal, and frontal lobe volumes. Significant correlations in
these regions may explain preserved semantic encoding, as well as efficient
encoding/retrieval. We hypothesize that SPE-Recency scores will be positively correlated
with inferior parietal and superior temporal gyrus volumes. Significant correlations in
these regions may explain preserved phonological processing of items.
Aim 2b: To establish whether SPE-Index scores at Learning, Short and Long delayed recall
associate with different neuroanatomical regions compared to Total-RAVLT scores in
Healthy Controls and patients with Mild Cognitive Impairment.
Hypothesis 2b: Based on the unique ability of SPE-Index to tap various components of
the memory system, we hypothesize that in both HC and MCI, the SPE-Index scores will
correlate w fewer regions than Total-RAVLT scores, as they are more specific than those
associated with Total-RAVLT scores.
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METHODS
IRB
The study was approved by the Institutional Review Board of Queens College CUNY (#2016-0630). All analyses were conducted at Queens College – CUNY.
Permission to access the ADNI dataset was granted to N.S. Foldi (#2016-0630).
Data source
This study uses the longitudinal ADNI database (adni.loni.usc.edu). Baseline data
and diagnoses of HC and MCI were derived from the ADNI-1 wave and longitudinal
follow-up diagnostic classification (as HC, MCI, or AD) were identified from all
subsequent ADNI waves (ADNI-GO, ADNI-2, and ADNI-3). All participants provided
informed consent and were assessed with cognitive testing and neuroimaging at baseline
(T0) of the ADNI-1 cohort and were tracked longitudinally until a last known diagnosis in
2017 (T2017Dx) [range 0.5-12 years]. SPE- Index scores were derived from item-level
recall on the Rey Auditory Verbal Learning Test (RAVLT; see Measures below).
Neuropsychological Battery in ADNI
ADNI’s neuropsychological battery included measures of memory, executive
function, attention, visuospatial ability, and language. At baseline (T0), the
neuropsychological battery included the: (1) American National Adult Reading Test
(Grober & Sliwinski, 1991), (2) Mini-Mental State Examination (MMSE; Folstein,
Folstein, & McHugh, 1975), (3) digit span (D. Wechsler, 1945), (4) category fluency
(Harrison, Buxton, Husain, & Wise, 2000), (5) Trail Making Test A and B (Reitan,
1958), (6) Digit Symbol Substitution Test of the Wechsler Adult Intelligence Scale–
Revised (David Wechsler, 1981), (7) Boston Naming Test (Kaplan, Goodglass,
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Weintraub, & Goodglass, 1983), (8) Rey Auditory Verbal Learning Test (Schmidt, 1996),
(10) clock drawing (Spreen & Strauss, 1998), (9) Neuropsychiatric Inventory
Questionnaire (Cummings et al., 1994), (10) AD Assessment Scale–Cognitive Subscale
(Rosen, Mohs, & Davis, 1984), and (11) Functional Assessment Questionnaire (Pfeffer,
Kurosaki, Harrah, Chance, & Filos, 1982).
Participants
Participants included those diagnosed as HC or MCI at baseline in the ADNI-1
phase. A consensus meeting at time of entry into ADNI was held in order to determine an
individual’s classification as HC or MCI in ADNI-1 using the McKhann et al. (1984b)
criteria. Subsequent diagnostic classification was identified in later ADNI waves (ADNIGO, ADNI-2, and ADNI-3), with their last known diagnoses determined in 2017
(T2017DX). Diagnostic criteria were changed for MCI in the ADNI-2 phase, dividing this
group into early and late MCI. For the purposes of our study, we considered any followup diagnosis of either early or late MCI as MCI.
Diagnostic Criteria in ADNI-1
HC: MMSE score between 24 and 30 and a Clinical Dementia Rating (CDR) of 0
(Petersen, Aisen, et al., 2010).
MCI: Subjective memory complaint, MMSE score between 24 and 30, CDR score of
least 0.5 (but no higher than 1), abnormal memory function documented by scoring
below education adjusted cutoff on the Logical Memory II subscale from the Weschler
Memory Scale (WMS-LMII), general cognitive and functional performance sufficiently
preserved so as to not warrant an AD diagnosis, an absence of significant levels of
impairment in other cognitive domains, and preserved activities of daily living.
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AD: MMSE score between 20 and 26, CDR score of 0.5 or 1, abnormal memory function
documented by scoring below the education adjusted cutoff on the WMS-LMII, and
NINCDS/ADRDA criteria for probable AD (ADNI, 2006; McKhann et al., 1984).
Measures
RAVLT
ADNI-1 used the Rey Auditory Verbal Learning Test (RAVLT) as its listlearning measure. During the learning trials (Learning), participants were asked to recall
(in any order) as many words as they could from a verbally presented, 15-item, nonrelated, word list. This learning process was repeated over five consecutive trials (Trials
1-5). The list presentation order remained constant across all five trials. After an
interference list trial (Trial 6), participants were asked to recall as many words as they
could from the original list without another exposure to it (short delay recall; SD). The
participants then completed 30 minutes of unrelated activities, after which they were
again asked again to recall as many words as they could from the first list (long delay
recall; LD). Recall was defined as the total number of correct words recalled at Learning
(i.e., sum of accurate words recalled across Trials 1-5), at SD and at LD.
The Serial Position Scoring of the RAVLT
The list of 15 items was divided into primacy (first 4 items), middle (middle 7
items), and recency (last 4 items) positions based on the theory of neural capacity
(Cowan, 2001). Serial position scores (SPE-Index scores) for our study were calculated
as recall accuracy within the primacy, middle, and recency positions. These three SPEIndex scores (Primacy, Middle, Recency) will be calculated for all three time points:
Learning, SD, and LD.
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SPE-Index Scores
To facilitate interpretation of the hazard ratios, the SPE-Primacy index (Foldi et
al., 2003; Hermann et al., 1996) was transformed into the total number of primacy items
missed at Learning, SD, or LD. Thus, for every one unit increase in the SPE-Primacy
index, one primacy item was not recalled (i.e., the SPE-Primacy index is calculated at
Learning, Short Delay, and Long Delay as follows: Primacy Learning = 20 - # of correctly
recalled Primacy items summed across 5 trials at Learning; PrimacySD = 4 - # of correctly
recalled Primacy items at Short Delay; and PrimacyLD = 4 - # of Primacy items recalled at
Long Delay). Similarly, SPE-Middle and SPE-Recency indices were calculated as the
total number of words missed at that list position at Learning, SD, or LD. In addition,
given our hypothesis in relation to Primacy specifically, and to address whether SPEPrimacy was uniquely associated with conversion rates, we also generated an SPEMid+Rec index. This index was calculated as the total number of middle (i.e., 7) and
recency (i.e., 4) items minus the number of correctly recalled middle or late words at
Learning, SD, or LD. In sum, higher SPE indices reflected more omissions, and thus,
more impaired performance.
SPE-Contrast Scores
Three distinct SPE-Contrast scores were created: J-Shape was the difference
between Recency at Learning and PRI at Learning (RECLearning - PRILearning), such that a
higher score indicated a greater imbalance in recency versus primacy learning. Recency
Drop was calculated as the difference between Recency at Learning and Recency at SD
(RECLearning - RECSD), such that a higher score represented a larger “drop” in Recency
accuracy over trials. Primacy Progression was calculated as the difference between
Primacy at Learning and Primacy at LD (PRILearning -PRILD), such that a higher score
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indicates “less progression” in Primacy accuracy over trials. In sum, for every SPEContrast score a larger (more positive) score indicated worse performance over the
duration of the task, while a lower score indicated more typical and preserved
performance.
Structural Neuroimaging
The ADNI standardized protocol for the brain magnetic resonance imaging (MRI)
scans is described in great detail at http://adni.loni.usc.edu/methods/mri-tool/mrianalysis/. The protocol changed over the three phases of ADNI, however, the ADNI-1
protocol utilized 1.5T scanners with T1- and dual echo T2-weighted sequences. Cortical
reconstruction and volumetric segmentation were performed with the FreeSurfer imaging
analysis suite (http://surfer.nmr.mgh.harvard.edu). Neuroimaging data (i.e., regional brain
volume and cortical thickness) was taken from the visit closest to individuals’ baseline
(T0 ) visit in ADNI-1.
Design and Analyses
Analyses were performed using IBM SPSS 26, R, and FreeSurfer. Within ADNI,
the participants are assigned a diagnosis at the time of their study entry (T0) and at their
last known diagnosis on 2/22/2017 (T2017Dx) [Personal communication with Laura
Gibbons2, 2017]. Based on these two diagnoses, participants were split into categories: (1)
those diagnosed as HC at T0 split into those who remained HC at T2017 (HC non-converter,
n= 153) versus those who converted to MCI or AD (HC converter, n = 47); and (2) those
diagnosed as MCI at T0 split into those who remained MCI at T2017 (MCI non-converter,

2

Laura Gibbons, PhD is a core biostatistician for the University of Washington
Alzheimer’s Disease Research Center. She is also a member of the Data Core of the
ADNI database, and consultant of Dr. Foldi’s grant NIH.
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N = 156) versus those who converted to AD (MCI converter, N = 197). Descriptive
statistics will be generated for the sample. Descriptive demographic and test variables of
HC and MCI groups were characterized for age, education, sex, race, apolipoprotein E4
(APOE-ε4) allele status (presence or absence), conversion status (HC converter or nonconverter; MCI converter or non-converter), and time to last known diagnosis
(TimeT2017DX).
Aim 1a Survival Analyses: SPE-Index scores
Time from T0 to the T2017Dx was calculated (TimeT2017Dx). Twelve separate Cox
Regression analyses were conducted on the HC (n = 200) and MCI (n = 353) participants.
Event was defined as conversion at TimeT2017Dx (MCI or AD for HC group; AD for MCI
group). Covariates in in all four models were APOE-ε4 status3, Age, Sex, and Education.
Core explanatory variables were separated into individual models: 1) PrimacyLearning 2)
PrimacySD, 3) PrimacyLD, 4) MiddleLearning, 5) MiddleSD, 6) MiddleLD, 7) RecencyLearning,
8) RecencySD, 9) RecencyLD. Furthermore, Mid+Rec were covaried in Primacy models
(1, 2, 3 above) from the same time point (Learning, SD, LD) for those significant
Primacy score predictors as follows: 10) PrimacyLearning with Mid+RecLearning, 11)
PrimacySD and Mid+RecSD, and 12) PrimacyLD and Mid+RecLD. Pseudo R-squared (R2)
and Akaike Information Criterion (AIC) values were used to assess model fit.
Aim 1b Survival Analyses: SPE-Contrast scores
Time from T0 to the T2017Dx was calculated (TimeT2017Dx). Three separate Cox
Regression analyses were conducted on baseline HC (n = 200) and MCI (n = 353)
participants. Event was defined as conversion at TimeT2017Dx (MCI or AD for HC group;

APOE-ε4 status was added as a covariate based on precedent in the field and research that has shown its
impact on disease mechanisms (Farlow, M. R. (2010)).
3
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AD for MCI group). Covariate predictors in all three models were: APOE-ε4 status, Age,
Sex, and Education. The three analyses each included different explanatory variables as
follows: 1) J-Shape contrast score; 2) Recency Drop contrast score; and 3) Primacy
Progression contrast score. Pseudo R2 and AIC values were used to assess model fit.
Aim 1c Survival Analyses: Total-RAVLT scores
Three additional Cox Regression analyses were conducted with the same
demographic covariate predictors as above, but different explanatory variables as
follows: 1) Total-RAVLTLearning, score 2) Total-RAVLTSD score, and 3) Total-RAVLTLD
score. Pseudo R2 and AIC values were used to assess model fit.
Assumptions for Aim 1 Cox Regression Analyses:
The proportional hazards assumption was tested with Schoenfeld residuals.
Martingale residuals was used to assess nonlinearity. Deviance residuals were used to
examine influential observations. Cox Snell residuals were used to assess model fit.
Analyses Aim 2a
We conducted multivariable linear regression analyses for each RAVLT SPEindex score (PrimacyLearning, PrimacySD, PrimacyLD, MiddleLearning, MiddleSD, MiddleLD,
RecencyLearning, RecencySD, RecencyLD), stratified by baseline diagnosis and hemisphere,
in order to examine the association between regional brain volume cortical thickness and
serial position index scores. Cluster corrections were performed to control for multiple
comparisons.
Analyses Aim 2b
We conducted similar multivariable linear regressions for each Total RAVLT
score (Total-RAVLTLearning,, Total-RAVLTSD, Total-RAVLTLD), each Middle+Recency
score (Mid+RecLearning, Mid+RecSD, Mid+RecLD), and total Middle+Recency plus SPE-
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Primacy scores, stratified by baseline diagnosis and hemisphere. Cluster corrections were
performed to control for multiple comparisons.
RESULTS

Aim 1
Aim 1 Descriptive Statistics (see Table 1):
See Table 1 for demographic and clinical characteristics of HC and MCI
participants used for Aim 1 and the behavioral analyses. HC converters (MCI-AD) were
differentiated from HC non-converters (HC), and MCI converters (AD) were
differentiated from MCI non-converters (HC or MCI) based on T2017Dx. In HC, the mean
age was 76.2 years (SD = 5.0), and the mean level of education was 16.1 years (SD =
2.9). The sample was 49% female and 91% non-Hispanic White. Twenty-four percent of
the sample was APOE 4+, and 24% converted to MCI-AD with a mean follow-up time
of 6.1 years (SD = 3.2). In MCI, the mean age for the sample was 75.0 (SD = 7.3) and the
mean level of education was 15.7 (SD = 2.9). The sample was 35% female and 91% nonHispanic White. Fifty-six percent of the sample was APOE 4+, and 56% converted to
AD with a mean follow-up time of 4.3 years (SD = 2.8).
Aim 1a Survival Analyses: SPE-Index scores:
HC Analyses (see Table 2): PrimacySD significantly associated with conversion to
MCI-AD, such that there was a 42% increased risk of developing MCI-AD for each
primacy word not recalled at SD, aHR = 1.42, p = .002, 95% CI [1.14, 1.78], R2 = 0.125.
When Mid+RecSD was covaried in the Primacy SD model, PrimacySD still significantly
explained risk of conversion, such that there was a 41% increased risk of developing
MCI-AD for each primacy word not recalled at SD, aHR = 1.41, p = .02, 95% CI [1.05,
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1.89], R2 = 0.125. Interestingly, Mid+RecSD alone did not significantly explain risk of
conversion to MCI-AD, aHR = 1.01, p = .92, 95% CI [0.87-1.17], R2 = 0.125.
MiddleSD was also significantly associated with conversion to MCI-AD, such that
there was a 19% increased risk of developing MCI-AD for each middle word not recalled
at SD, aHR = 1.19, p = .03, 95% CI [1.02, 1.38], R2 = 0.106. PrimacyLearning, PrimacyLD,
MiddleLearning, MiddleLD, RecencyLearning, RecencySD, and RecencyLD scores did not
significantly explain risk of conversion to MCI-AD (all ps > .05).
MCI Analyses (see Table 3): PrimacyLearning significantly associated with
conversion to AD, such that there was a 41% increased risk of developing AD for each
primacy word not recalled at Learning, aHR = 1.41, p < .001, 95% CI [1.21, 1.64], R2 =
0.101. When Mid+RecLearning was covaried with PrimacyLearning, PrimacyLearning still
significantly associated with risk of conversion to AD, aHR = 1.36, p <.001, 95% CI
[1.17, 1.59], R2 = 0.178. Mid+RecLearning also significantly associated with risk of
conversion to AD, aHR= 1.31, p <.001, 95% CI [1.19, 1.45], R2 = 0.178. PrimacySD was
also significantly associated with conversion to AD, such that there was a 48% increased
risk of developing AD for each primacy word not recalled at SD, aHR = 1.48, p <.001,
95% CI [1.30, 1.70], R2 = 0.147. When Mid+RecSD was covaried with PrimacySD,
PrimacySD still significantly associated with risk of conversion to AD, aHR = 1.34, p =
.0001, 95% CI [1.16, 1.56], R2 = 0.170. Mid+RecSD also significantly associated with
risk of conversion to AD, aHR = 1.14, p = .003, 95% CI [1.05, 1.2], R2 = 0.170.
PrimacyLD was also significantly associated with risk of conversion to AD, aHR = 1.47, p
<.001, 95% CI [1.27, 1.70], R2 = 0.131. When Mid+RecLD was covaried with Primacy LD,
PrimacyLD was still significantly associated with risk of conversion to AD, aHR = 1.21, p
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= .04, 95% CI [1.01, 1.45], R2 = 0.160. Mid+RecLD also significantly associated with risk
of conversion to AD, aHR = 1.18, p <.001, 95% CI [1.07, 1.29], R2 = 0.160.
MiddleLearning was also significantly associated with conversion to AD, such that
there was a 46% increased risk of developing AD for each middle word not recalled at
Learning, aHR = 1.46, p <.001, 95% CI [1.29, 1.66], R2 = 0.149. MiddleSD was
significantly associated with conversion to AD, such that there was a 39% increased risk
of developing AD for each middle word not recalled at SD, aHR = 1.39, p <.001, 95% CI
[1.25, 1.56], R2 = 0.157. MiddleLD was also significantly associated with conversion to
AD, such that there was a 33% increased risk of developing AD for each middle word not
recalled at LD, aHR = 1.33, p <.001, 95% CI [1.20, 1.47], R2 = 0.141. RecencyLearning was
also significantly associated with conversion to AD, such that there was a 21% increased
risk of developing AD for each recency word not recalled at Learning, aHR = 1.21, p =
.03, 95% CI [1.02, 1.44], R2 = 0.061. RecencyLD was also significantly associated with
conversion to AD, such that there was a 50% increased risk of developing AD for each
recency word not recalled at LD, aHR = 1.50, p <.001, 95% CI [1.24, 1.82] R2 = 0.104.
RecencySD did not significantly explain conversion risk to AD (p > .05).
Aim 1b Survival Analyses: SPE-Contrast scores:
HC Analyses (see Table 4): The J-Shape, Recency Drop, and Primacy
Progression SPE-contrast scores all did not significantly associate with risk of conversion
to MCI-AD (all ps > .05).
MCI Analyses (see Table 4): The J-Shape contrast score significantly associated
with risk of conversion to AD, such that for every 1-SD increase in J-Shape SPE-contrast
score, individuals were 1.9-times more likely to develop AD, Exp() = 1.90, p = .01,
95% CI [1.14, 3.16], R2 = 0.066. Primacy Progression contrast score was also
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significantly associated with risk of conversion to AD, such that for every 1-SD increase
in Primacy Progression contrast score, individuals were 2.15-times more likely to
develop AD, Exp() = 2.15, p = .009, 95% CI = [0.26, 0.83], R2 = 0.067. The Recency
Drop contrast score did not significantly associate with risk of conversion to AD (p >
.05).
Assumptions for all SPE-Index and SPE-Contrast models
The proportional hazards assumption was satisfied as found by testing Schoenfeld
residuals. Data were checked for non-linearity, and linearity could be assumed. There
were no influential observations of concern as tested by deviance residuals. Cox Snell
residuals were used to assess model fit, which was appropriate.
Aim 1c Survival Analyses: Total-RAVLT Scores (see Table 5)
HC Analyses: Total-RAVLTSD was significantly associated with risk of
conversion to MCI-AD, such that there was a 12% increased risk of developing MCI-AD
for each word missed at SD, aHR= 1.12, p = .009, 95% CI [1.03, 1.22], R2 = 0.114. TotalRAVLTLearning and Total-RAVLTLD scores were not significantly associated with risk of
conversion to MCI-AD (both ps > .05).
MCI Analyses: All Total-RAVLT scores were significantly associated with risk
of conversion to AD. Total-RAVLTLearning was significantly associated with risk of
conversion to AD, such that there was a 33% increased risk of developing AD for each
word not recalled at Learning, aHR = 1.33, p = .006, 95% CI [1.22, 1.44], R2 = 0.178.
Total-RAVLTSD was also significantly associated with risk of conversion to AD, such
that there was a 20% increased risk of developing AD for each word not recalled at SD,
aHR = 1.20, p < .001, 95% CI [1.13, 1.27], R2 = 0.163. The Total-RAVLTLD score also
significantly associated with risk of conversion to AD, such that there was a 19%
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increased risk of developing AD for each word not recalled at LD, aHR = 1.19, p < .001,
95% CI [1.12, 1.26], R2 = 0.190.
Assumptions for all Total-RAVLT models
The proportional hazards assumption was satisfied found by testing Schoenfeld
residuals. Data were checked for non-linearity, and linearity could be assumed. There
were no influential observations of concern as tested by deviance residuals. Cox Snell
residuals were used to assess model fit, which was appropriate.

Aim 2
Aim 2 Descriptive Statistics (see Table 6):
See Table 6 for demographic and clinical characteristics in HC (N = 158) and
MCI (N = 269) participants used for Aim 2 and the imaging analyses. HC converters
(MCI-AD) were differentiated from HC non-converters (HC), and MCI converters (AD)
were differentiated from MCI non-converters (HC or MCI) based on T2017Dx. In HC, the
sample age was 75.6 (SD = 4.8) and mean level of education was 16.1 (SD = 2.9). The
sample was 49% female and 90% non-Hispanic White. Twenty-four percent of the
sample was APOE 4+, and 26% converted to MCI-AD with a mean follow-up time of
6.4 years (SD = 3.3). In MCI, the mean age was 75.6 (SD = 7.2) and the mean level of
education was 15.6 (SD = 3.0). The sample was 39% female and 90% non-Hispanic
White. Fifty-eight percent of the sample was APOE 4+, and 55% converted to AD with
a mean follow-up time of 4.6 years (SD = 2.8). Importantly, all behavioral analyses for
SPE-Index scores were re-run with the smaller imaging sample. Results of these analyses
were mostly consistent with the larger sample.
Aim 2a Results:
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HC Analyses (see Table 7): Whole brain analyses did not find any significant LH
or RH volume clusters associated with any SPE-index score at any time point (Learning,
SD, LD), all ps > .05. Medial orbitofrontal LH cortical thickness was significantly
correlated with RecencyLD, such that poor Recency recall at LD was associated with
reduced LH medial orbitofrontal cortical thickness (p =.02). There were no significant
RH cortical thickness clusters associated with any SPE-index score at any time point.
MCI Analyses (see Tables 8 and 10): PrimacyLearning was significantly associated
with superior parietal (p = .007), medial orbitofrontal (p = .01) and pars orbitalis (p =
.04) LH volume clusters, indicating that poor Primacy recall at Learning was associated
with reduced volume in these areas. PrimacyLearning was also significantly associated with
medial orbitofrontal RH volume (p = .03). Furthermore, PrimacyLearning was significantly
associated with fusiform LH cortical thickness (p <.001). PrimacyLearning was not
significantly associated with any RH cortical thickness clusters. Primacy SD was not
significantly associated with any LH or RH volume or LH or RH cortical thickness
clusters. PrimacyLD was significantly correlated with fusiform RH cortical thickness (p
<.001). PrimacylD was not significantly associated with any LH or RH volume or LH
cortical thickness clusters.
MiddleLearning was significantly associated with superior frontal LH volume (p =
.004), indicating that poorer performance on Middle at Learning was corelated with
reduced superior frontal LH volume. In addition, MiddleLearning was significantly
associated with precuneus (p = .002), pars opercularis (p = .006), rostral middle frontal
(p = .008), and inferior temporal (p = .02; p = .03) LH cortical thickness clusters in
addition to insula RH cortical thickness (p <.001). MiddleLearning was not associated with
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any RH volume clusters. MiddleSD was significantly associated with rostral middle
frontal (p = .007) and pars opercularis (p = .03) LH cortical thickness clusters as well as
insula (p < .001) and superior parietal (p = .03) RH cortical thickness clusters. MiddleSD
was not significantly associated with any LH or RH volume clusters. Middle LD was
significantly associated with transverse temporal (p = .01) and middle temporal (p =
.001) RH volume clusters. MiddleLD was not significantly associated with any LH
volume, LH cortical thickness, or RH cortical thickness clusters.
RecencyLearning, RecencySD, and RecencyLD were not significantly associated with
any LH or RH volume or LH or RH cortical thickness clusters.
Aim 2b Results (see Tables 9 and 10):
Next, we conducted a multivariate linear regression analysis for each
Middle+Recency score (Mid+RecLearning, Mid+RecSD, Mid+RecLD) and Total RAVLT
score (Total-RAVLTLearning, Total-RAVLTSD, Total-RAVLTLD) in both HC and in MCI in
order to examine the association between brain volume/cortical thickness and total listlearning scores, as well as scores to contrast with SPE-Primacy.
HC Analyses: Whole brain analyses did not find any significant LH or RH
volume or LH or RH cortical thickness clusters associated with either Middle + Recency
or Total-RAVLT scores at any time point (Learning, SD, LD).
MCI Analyses: Mid+RecLearning was significantly associated with pars opercularis
LH cortical thickness (p = .02) and insula RH cortical thickness (p < .001). It was not
significantly associated with LH or RH volume clusters. Mid+RecSD was significantly
associated with superior parietal LH volume (p = .004) and insula (p <.001), middle
temporal (p = .03), lateral orbitofrontal (p = .04), and superior parietal (p = .04) RH
thickness. It was not significantly associated with any RH volume or LH cortical
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thickness clusters. Mid+RecLD was significantly associated with transverse temporal (p =
.006) and middle temporal (p = .009) RH volume clusters as well as transverse temporal
RH cortical thickness (p = .03). It was not significantly associated with any LH volume
or cortical thickness clusters.
Total-RAVLTLearning was significantly associated with superior frontal (p = .003)
and superior parietal (p = .03) LH volume clusters. In addition, it was significantly
associated with pre cuneus (p < .001), pars opercularis (p = .005), fusiform (p = .03),
and inferior temporal (p = .04) LH cortical thickness and insula (p < .001) RH cortical
thickness clusters. It was not significantly associated with any RH volume clusters.
Total-RAVLTSD was significantly associated with frontal pole LH volume (p =
.007). It was also significantly associated with superior parietal (p = .03) LH cortical
thickness and insula (p = .004) and superior parietal (p = .03) RH cortical thickness
clusters. It was not significantly associated with any RH volume clusters.
Total-RAVLTLD was significantly associated with middle temporal (p = .01) RH
volume and transverse temporal (p = .03), superior parietal (p = .04), and fusiform (p =
.04) RH cortical thickness clusters. It was not significantly associated with any LH
volume or LH cortical thickness clusters.

DISCUSSION
Summary
The two aims of the current study investigated risk of decline to AD in individuals
who had been deemed cognitively healthy or classified as MCI in ADNI. The goals of
both aims were designed to better characterize which features of SPE informed later
decline, given that only some individuals deemed ‘healthy’ or classified as MCI will
decline to a diagnosis of AD. Aim 1 focused on whether serial position measures (i.e.,
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primacy, middle and recency item recall from the RAVLT word-list task at learning and
delays) could help explain future conversion risk to disease up to 12 years later. Aim 2
determined whether relevant SPE measures had neuroanatomical correlates (cortical
volume and thickness) known to support impaired semantic language integrity, learning,
and/or consolidation in AD. This study findings showed that that theoretically driven and
valid neuropsychological measures of SPE inform early diagnosis and play a significant
role identifying those individuals truly at risk of later disease development. The current
study findings add importance of SPE measures of short delay recall, showing that the
ability to retain information from learning trials and withstand interference captured
disease-related changes of semantic functions in those individuals who converted and
progressed to disease. This information can ultimately be used for early intervention.
The SPE metrics not only serve as predictive cognitive measures, but also provide
evidence of critical role of change of the semantic network in development of
Alzheimer’s disease.
Aim 1 tested two measures of serial position effects: a) the traditional SPE-Index
score was the number of correctly recalled items within each serial position; and b) our
SPE-Contrast scores (i.e., J-shape, Recency-drop, and Primacy-Progression) (Foldi et al.,
in preparation), that compared serial position performance across different time-points.
SPE measures illustrate different processing and retrieval mechanisms (Murdock Jr.,
1962). In individuals diagnosed with MCI at baseline almost all SPE-Index, SPEContrast and Total-list scores added to conversion risk; thus, while these measures
provide predictive value, they are not specific by this disease stage. In contrast, in
individuals who were healthy at baseline, the SPE metrics have greater utility. Our results
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showed that in healthy individuals, the Short Delay SPE-index score using only primacy
performance was both sensitive and specific in its ability to capture risk of conversion.
Of note, the SPE-contrast measures (even those that included primacy) were not
significant. These results demonstrated that while still healthy, those preclinical
individuals who later progressed to disease exhibited diminished SPE scores and
specifically impaired primacy at short delay recall. Impaired SPE primacy across 5 trials
at learning is a known indicator of disease (Bruno et al., 2013; Chander et al., 2018;
Cunha et al., 2012; Egli et al., 2014; Howieson et al., 2011); however, the current data
show that the predictor of progression to disease was explained by impaired primacy item
recall at short delay. To our knowledge, this finding is the first to highlight the
importance of short-delay primacy items as an informative risk factor of disease
development. There are several ways to explain short delay performance. One, may be
that despite ‘sufficient’ quantitative encoding of primacy items during learning, shortdelay primacy item performance reflects insufficient underlying qualitative deeper
semantic encoding resulting in poor short delay recall of the primacy items. A second
explanation may be critical susceptibility of the List B interference, such that while
primacy items were learned, the subsequent intrusion of list B interfered with their deeper
encoding. Of note is that while the Total-RAVLT list score at short delay also emerged as
a significant predictor, importantly, our subsequent analysis showed that the primacy
items at short delay were driving this signal.
Aim 2 investigated the relationship of SPE metrics and structural biomarkers of
cortical volume and thickness in individuals diagnosed at baseline as healthy or with MCI.
As in the behavioral analyses, the healthy group may have remained healthy or converted
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to either MCI or AD, while some in the MCI group either maintained that diagnosis or
progressed to AD. We predicted that as primacy items draw on semantic networks for both
encoding and later retrieval, correlates would be found in regions of interest known to be
involved in semantic processing (Forseth et al., 2018; Hickok, 2009; Milton et al., 2021).
Our findings revealed that in individuals still classified as healthy, the SPE-Index score of
recency at long delay recall was significantly associated with left medial orbitofrontal
thickness. Among these individuals diagnosed with MCI, cortical SPE-Index scores were
associated with cortical regions; however, the SPE-Primacy score at SD – which had been
unique in its ability to explain risk for conversion in healthy controls – did not have any
significant neuroanatomical correlates. In support of our hypothesis, SPE scores were
correlated to more specific regions than total-list scores in MCI; however, by this more
progressed disease stage, not only are the cognitive deficits more pronounced, but also
greater cortical regions are implicated.
Our findings supported that sensitive neuropsychological measures can captured
the conversion risk at preclinical stages of AD, when individuals are still diagnosed as
“healthy” even though at that point in disease stage, there may be no associated
underlying changes in cortical volume or thickness. Combining the sensitive SPE metrics
with other biomarkers associated with AD may allow for critical early identification of
individuals at risk of developing AD.
Aim 1
Our findings revealed that short delay recall may be critically important in healthy
individuals. Among the SPE-Index scores, Primacy at Short Delay in HC was a significant
risk factor, such that for each Primacy item not recalled at Short Delay, the risk of
developing either MCI or AD was 42% higher. Our SPE-Contrast profiles, designed to
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integrate both the semantic information at learning and subsequent memory performance
after interference and short delay decline were not predictive of conversion from HC to
MCI-AD. The current model in HC extends the SPE-Primacy prediction with Egli and
colleagues (Egli et al., 2014), which demonstrated that impaired primacy item recall at
short delay was a predictor of disease development from MCI to AD. We now complement
those findings, by demonstrating that decreased SPE-Primacy is also a sensitive predictor
in healthy individuals who will convert to AD. Comparing benefits of significant SPEPrimacy at Short Delay to Total list scores, we found that the Total-RAVLT at Short Delay
significantly predicted conversion, with a 12% higher risk for disease development for each
item missed at Short Delay. However, after covarying the Primacy items with the
remaining list items from both the Middle and Recency regions, the Primacy items
remained the significant predictor of disease, indicating that the signal from the total list at
Short Delay was driven by Primacy performance. Together, these findings show that in
healthy adults, recall after the short delay – and primacy item short delay recall in particular
– can serve as a bellwether of future conversion to disease.
Our results revealed that when individuals already meet criteria of MCI, almost all
SPE-Index scores and SPE-Contrast scores of J-Shape and Primacy Progression were
significant predictors of conversion to AD; only SPE-Recency at Short Delay was not
predictive. This is consistent with Egli et al. (2014) who demonstrated that both primacy
and long delay at learning were predictive of conversion to AD. However, other authors
(Bruno et al., 2018; Bruno et al., 2016) found that recency performance across learning and
short delay to be important as a prediction of decline, yet this was not replicated in our
study. Additionally, all Total-RAVLT scores (Learning, SD, LD) were similarly sensitive
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predictors of conversion from MCI to AD. Thus, it appears that once individuals are at the
stage of disease identified as MCI, almost all SPE-index and SPE-Contrast scores add
predictive value to conversion to AD and are thus sensitive but not specific measures at
this phase. Therefore, when individuals are still characterized as ‘healthy’ but are actually
in a still-undetected preclinical stage, Primacy scores may be uniquely sensitive and
specific predictors of the subsequent conversion to MCI or to AD. Additionally, for
individuals who are still identified as having “normal cognition’, SPE-Primacy
performance at Short Delay appeared most sensitive to predict conversion to MCI or AD.
SPE of list-learning is achieved by requiring people to recall words from a list that
is beyond the 7 ±2 working memory capacity limit (Miller, 1956), revealing the
nonlinear, U-shape function of recall. After initial learning trials, short delay recall
captures whether initial encoding was successful or impaired, where the semantic features
of primacy and of language are exposed (Olson et al., 2010). In the current study, the
findings at short delay exposed several important cognitive processes worth noting. First,
it was striking that Primacy at Short delay recall was the best signal of the sensitive
predictor of conversion. Short delay is often overlooked in favor of long delay report
when characterizing cognitive vulnerability in healthy individuals preceding decline to
disease (Xu et al., 2018). Nonetheless, several cross-sectional studies revealed that at
Short Delay, total-list recall differentiated NC from MCI (Gavett et al., 2009; Zhao et al.,
2012) and NC from AD participants (Lekeu et al., 2010). McLaughlin and colleagues
(2014), using the California Verbal Learning Test-II which, unlike the RAVLT, embeds
semantic categories, demonstrated that poor semantic clustering at Short Delay was
sensitively differentiated healthy control individuals who progressed to amnestic MCI
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from those who remained healthy controls. Importantly, they did not find that semantic
clustering at any other recall (i.e., Trial 1 or Trial 5 at Learning, or at Long Delay)
differentiated HC converters from HC non-converters. This suggests that difficulty
organizing information using semantic strategies at Short Delay captures/ a valuable
metric in those healthy individuals at risk of conversion. Our total-list findings
corroborate Tierney et al. (2010), who also showed that total-list scores at Short Delay in
HC predicted risk of developing dementia. Similarly, Xu et al. (2018) followed
participants with MCI, and scores at Short Delay were equally predictive of conversion to
dementia as Long Delay scores.
Our findings also showed that Total-RAVLT at short delay was a significant
predictor of future decline. However, our analysis showed this was actually driven by the
primacy item performance, and not items from the Middle or Recency positions. The
stronger predictive utility of SPE-Primacy than other list positions at Short Delay
suggests that those primacy items, while correctly retrieved at learning over five trials,
may have not been sufficiently consolidated, and, in turn, made the items susceptible
and/or vulnerable to interference of List B. In fact, semantic interference (measured in
non-list-learning tasks) has increasingly been identified as an important marker for the
detection of preclinical AD and also associated with greater total amyloid load, and
reduced volume and cortical thickness in semantic systems and areas associated with
executive functioning, and memory (Capp et al., 2020; Crocco et al., 2014; Curiel et al.,
2018; Loewenstein et al., 2018; Sánchez et al., 2017). Similarly, Guglielmi et al. (2020)
found the absence of a semantic priming effect in those individuals with MCI who later
converted to AD, but not in those with MCI who did not convert. Much, like a priming
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effect, primacy items on a list invoke the ability to associate semantic information
associated with a word. The SPE-Primacy at Short Delay, in particular, may tap the
ability to associate and consolidate semantic information of the learned primacy items,
which in turn, may rely on preserved semantic system integrity. SPE-Primacy at Short
Delay is thus well-suited to capture changes of integrity of semantic system as well as
consolidation, becoming a revealing indicator of risk for development in AD. We
therefore propose that diminished recall of Primacy items after a short delay during a
preclinical phase in healthy individuals could serve as a highly sensitive marker of the
semantic network deterioration or instability and greater susceptibility to interference,
which in turn, signals future conversion to disease.
We considered several possible mechanisms to explain why primacy recall Short
Delay was susceptible. Items from List-A may appear sufficiently encoded over five
trials, but deficits at Short Delay could implicate: a) impaired storage; b) impaired
retrieval; c) susceptibility to List-B's interfering with consolidation of the previously
acquired List-A items, implicating retroactive interference; or d) inability to inhibit ListB items implicating proactive interference and/or selective executive dysfunction. In the
absence of detailed error analyses, the source of the short delay recall impairment
remains unclear. However, Total-RAVLT and SPE-Primacy scores at Short Delay, but
not at Learning, were predictive of progression along the AD clinical spectrum. This
suggests that sufficient items could have been learned, but the intervening List-B items
interrupted what was encoded. Several researchers have indicated that short delay recall
is particularly sensitive to elements of executive impairment. For instance, Monti et al.
(2014) and El Haj et al. (2015) both demonstrated that impaired executive functioning
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distinguished AD from NC participants. El Haj et al. (2016) posited that the unsuccessful
inhibition was a key executive function deficit in AD. Collette et al. (Collette et al., 2009)
showed that the ability to resist interference was less efficient in AD, similar to impaired
inhibition significantly differentiating healthy from AD groups posited by El Haj et al.
(2016). This impaired resistance to interference may be an early marker of disease prior
to formal diagnosis (Fernaus et al., 2014). Our study refines and adds to this literature by
demonstrating that at short delay not all items of a word list are equally susceptible to the
interference, further supporting the value of SPE-Primacy as predictive utility in
identifying those individuals who remain healthy from those who progress to disease.
Aim 2
Our second aim investigated the neuroanatomical correlates of those SPE
measures that highlighted risk in both HC and MCI. We investigated the SPE-Index
scores in both groups controlling for conversion status, and also contrasted them with
correlates of the Total-RAVLT scores. We projected that specific neuroanatomical
correlates of SPE-Index scores in the ADNI dataset, could elucidate our behavioral
findings. In healthy individuals, the only SPE-Index score that emerged significant was
Recency at Long Delay, which was significantly associated with left medial orbitofrontal
thickness. Orbitofrontal cortex is implicated in memory formation (Dahlgren et al., 2020;
Sidhu et al., 2013) as well as in the semantic system (Duffau et al., 2005; Sánchez et al.,
2017). However, given that recency at Learning is thought to draw primarily on the
working memory systems, this connection to the semantic network had not been
hypothesized. No other SPE-Index score or Total-RAVLT score at any time point in HC
was associated with cortical volume or thickness.
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Given the importance of SPE-Primacy in predicting conversion to MCI or AD in
individuals still deemed healthy, we had hypothesized that primacy items would have
been associated with cortical volume and thickness in areas associated with semantic
processing and efficiency, especially at Short Delay. However, SPE-Primacy at Short
Delay, which was a critical behavioral predictor of conversion in healthy individuals, was
not associated with cortical volume or thickness in any brain region. Previous research
reported that frontotemporal semantic networks support incidental semantic control
processes (Jedidi et al., 2021a). Loss of semantic access in AD at immediate
consolidation has been associated with metabolic activity in the left medial temporal
structure in addition to the ventral pallidum, a structure in the fronto-subcortical system
and potentially responsible for mental flexibility and initiation (Genon et al., 2013).
However, Genon et al (2013) could not associate brain metabolism with the short delay
consolidation process and suggested that cognitive-metabolic metrics are not able to
capture the complex molecular process of consolidation.
Given the limited focus on Short Delay recall in the past, it is hard to draw direct
comparisons between our findings and the extant literature. However, as mentioned
above, previous research has found associations between cortical volume and SPE and a
different measure of SPE across different points in disease progression. While Bruno et
al. (2015) proposed that delayed primacy was associated with hippocampal volume in
cognitively intact older adults, Lombardi et al. (2020) found that despite the large focus
on hippocampal and medial temporal lobe volumes in AD, these regions demonstrated
low sensitivity and specificity in early diagnosis of AD and should not be applied as
stand-alone predictors. For example, performance on a ratio of learning to delayed
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recency recall has been shown to be associated with CSF-glutamate levels (Bruno et al.,
2017) and in those with MCI and AD the recency ratio [trial 1 recency divided by
delayed recency] is negatively associated with CSF-AB42 (Bruno et al., 2019).
Additionally, the loss of primacy in a story memory test from learning to long delay
predicted amyloid positivity in healthy individuals (2021). Alternately, Bruno et al.
(2019) found that neither Total-RAVLT scores nor the recency ratio were associated with
AB40, AB40/42 ratio, T-Tau or P-Tau. These mixed findings align with our study, which
adds to these findings and suggests that the combination of biomarkers and sensitive
cognitive markers of AD (e.g., Primacy at Short Delay) may aid in the earliest prediction
of decline.
By the MCI stage, the SPE-Index measures were associated with a range of
regional cortical volumes and thicknesses. Our data showed that in individuals diagnosed
with MCI at baseline, performance of Primacy item recall at Learning and Long Delay,
and Middle items at Learning, Short, and Long Delay were all significantly associated
with various cortical region volumes and thicknesses. Other authors similarly showed that
by the MCI disease stage, there may be significant abnormal patterns of activation of
episodic memory brain networks in functional imaging studies e.g., Wang et al. (2016).
Structural imaging in individuals with MCI and AD, but not in healthy individuals,
showed that primacy at learning was associated with left middle temporal cortical volume
as well as right angular gyrus volume (Foldi et al., in preparation). In addition,
hippocampal volume loss in MCI and AD individuals has been associated with lower
primacy than recency at learning performance (Chander et al., 2018). Furthermore,
Innocenti and colleagues (Innocenti et al., 2013) showed that reduced primacy
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performance at learning has been associated with repeated transcranial magnetic
stimulation (rTMS) of the left dorsolateral prefrontal cortex, whereas rTMS of the left
intraparietal lobe correlated with reduced recency at Learning performance. Primacy at
long delay in aMCI has also been associated with hippocampal functional connectivity
and regions of the Default Mode Network (DMN) (Brueggen et al., 2016). In contrast,
Kasper et al. (2016) did not find primacy performance at learning or long delay to be
associated with hippocampal volume in aMCI; rather, primacy at learning was associated
with right inferior and middle temporal gyrus and inferior parietal cortex and
supramarginal gyrus volume; which is more consistent with bilateral representation of
semantic information. Kasper et al. (Kasper et al., 2016) also found primacy at long delay
was associated with bilateral supramarginal gyri. This is in contrast to Foldi et al. (in
preparation), who show that primacy at long delay to be associated with bilateral
hippocampal volume in a sample that included both MCI and AD. Also, in those already
diagnosed with AD, Staffaroni et al. (2017) found recency at learning to be associated
with left middle and inferior temporal gyri and left fusiform gyrus cerebral metabolism.
We also found that in individuals with MCI, Total-RAVLT scores at Learning,
Short and Long Delay had significantly associated cortical volumes and thicknesses. Our
findings are similar to Kasper et al. (2016), who found that total recall at learning
associated with bilateral superior and middle temporal gyrus, cerebellar and amygdala
volume in addition to left hippocampal and parahippocampal volumes. In addition, their
total scores at long delay were associated with bilateral supramarginal gyrus, left angular
gyrus, and left amygdala volumes. Indeed, both episodic memory and semantic
degradation is more widespread by the point of progression to MCI, and semantic
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degradation at this stage has been shown to involve perirhinal and entorhinal areas in
addition to the hippocampus (Barbeau et al., 2012). Zhang et al. (Zhang et al., 2019)
propose that individuals already diagnosed as amnestic-MCI, those with evidence of
medial temporal lobe atrophy demonstrated lower semantic clustering ratios than those
without medial temporal lobe atrophy. As this was independent of both executive
dysfunction and subcortical white matter hyperintensities the authors it suggested that at
the MCI stage, MTL integrity may play a particular role in semantic encoding during
verbal learning. Taken together, SPE-indices and Total list-learning scores in individuals
with MCI are sensitive but may not be as specific markers of disease burden on cortical
volume and thickness.
Overall Conclusions
The current study furthers the utility of serial position effects in understanding the
progression and development of AD. The benefit of investigating long list-learning tests
(as opposed to 3 - 5 word recall) is once a list is beyond the span of working memory,
each serial position recruits distinctive cognitive (Glanzer & Cunitz, 1966; Murdock,
1962; Murdock, 1965) and linguistic processes not captured by Total list scores. A new
contribution of the current SPE study was the differentiation between short and long
delay, and the role that short delay SPE measures may play in identifying impending
decline. Using the longitudinal ADNI database, we demonstrated that in preclinical, still
‘healthy’ individuals, diminished short delay recall performance of the word-list task best
predicted the risk of progression to disease. We found that primacy items at short delay
emerged as a particularly sensitive predictor of progression along the clinical AD
spectrum. This was not the case for primacy item recall across 5-trial learning, which was
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within norm and not associated with conversion. This was also not the case for those
already meeting criteria for MCI, where disease has already progressed and individual
SPE measures were no longer uniquely able to explain conversion risk. This study,
therefore, newly highlights the role of the SPE primacy items at short delay recall in
healthy individuals who are at risk for later decline to disease.
We propose that a preserved ability to learn and encode primacy items over time
– captured by the 5-trial learning -- reflects the integrity of an underlying functional
semantic system. Intact SPE-Primacy recall at Short Delay reflects not only the ability of
healthy individuals to resist items of the interference list, but also the ability to engage in
effective semantic-level encoding over the learning trials. This semantic ability is not
captured by Total-list scores. We propose that future study of biomarkers associated with
SPE-Primacy at Learning and Short Delay in healthy individuals will capitalize on its
sensitivity to explain or predict disease risk.
Future Directions and Limitations
While the ADNI database is comprehensive in many ways, the scoring of the
ADNI data only included correct responses, while the number or quality of the intrusions
(e.g., List-B items) and other error types are unfortunately not recorded. This limited our
ability to better understand whether proactive or retroactive interference contributed to
performance on SD recall. Having detailed error analyses, while not substantially
changing the results of the study, would have allowed for a better theoretical
understanding of the importance of SD recall in its predictive validity for preclinical
individuals and will be of interest for future research. Additionally, long delay
impairment has traditionally predicted conversion to AD (Arnáiz & Almkvist, 2003;
Pozueta et al., 2011; Rabin et al., 2009), and Primacy at LD has been identified as a
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precursor to disease in healthy individuals (Bruno et al., 2013; Egli et al., 2014).
However, these LD findings were not replicated in our study using the ADNI dataset, and
raise several concerns. First, the influence of the neuropsychological test order in the
ADNI battery is of concern. Specifically, the sequence of other verbal tasks of singleword and story recall (i.e., Boston Naming Test, Category Verbal Fluency Test, and
Logical Memory Test-Delayed Recall) are administered between the short and long delay
list recall, and could easily interfere with semantic encoding or organization, storage, as
well as retrieval of the list items. Second, an important consideration when studying SPE
are the varied list-learning tasks used across studies, and whether these influence results.
Our study used the RAVLT, a list-learning measure that does not embed semantic
categories, while other studies use tasks that have semantic categories embedded (e.g.,
CVLT-II, HVLT-R). The embedded categorization has been shown to impact recall rates
and use of semantic clustering (Weidemann et al., 2019). Importantly, Weidemann et al.
(2019) found that despite these behavioral differences, encoding and retrieval of the two
list types did not reveal neural differences. Thus, it while these lists may vary, they
appear to capture a robust underlying cognitive phenomenon; it remains to be seen
whether is is always generalizability to underlying neuroanatomical findings.
There is a bias inherent in AD trials, because of those individuals who choose and
who can participate in longitudinal studies (Schneider et al., 1997) are not representative
of all persons who will develop AD. ADNI follows MCI diagnostic guidelines; however,
at the time of study entry (e.g., 2004) these guidelines still allowed for huge variability in
the MCI classification, and ADNI-1 (the first wave of the ADNI recruitment in 2004)
relied more heavily on clinical judgment scores (i.e., CDR) than on objective, domain-
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specific cognitive measures (Thomas et al., 2019), calling into question the validity of
diagnostic categorization. This consensus classification used by ADNI (see ADNI
(adni.loni.usc.edu; also (Albert et al., 2011)) has been challenged by Bondi and
colleagues (Jak, Bangen, et al., 2009; Jak, Bondi, et al., 2009). Using actuarial criteria
and looking at objective, domain-specific cognitive measures, Bondi and colleagues
suggested that the MCI cohort includes many healthy controls (Bondi et al., 2014; Jak,
Bondi, et al., 2009; Thomas et al., 2019), which increases the variability (decreases
specificity) of performance on the RAVLT (see Table 1, Figures 2-4). In our current
study, we propose that the SPE-Index and SPE-Contrast measures may operate somewhat
independently from the debate about the criteria used to assign the MCI diagnosis. Even
within this diffuse group of MCI participants it is significantly able to predict conversion.
We were unable to apply the Bondi actuarial diagnostic criteria to test our SPE measures’
utility because they used the list-learning task that we are investigating in their diagnosis,
which would lead to circular analyses. However, research within other datasets that do
not present this problem of circularity will be important for future research of SPE in the
MCI population.
Poor demographic variability is a significant limitation of the ADNI-1 cohort.
Participants in this cohort are highly educated (i.e., 50 % of the sample has 16 years or
more years of education) leading to poor variability in education and limiting the external
validity. Racial diversity is highly limited (i.e., 93.8% Caucasian), and this health
disparity is known to play a large role in differential risk of disease progression and rate
of decline (Babulal et al., 2019; Barnes et al., 2005; Graff-Radford et al., 2016; Green et
al., 2002; Howell et al., 2017; Manly et al., 2008). For instance, compared to non-
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Hispanic white patients, and black patients are at greater risk for developing MCI and AD
(Green et al., 2002; Kunkle et al., 2021; Manly et al., 2008). Furthermore, patients of
color with the same level of white matter hyperintensities and smaller changes in CSF tau
markers show more severe cognitive effects than non-Hispanic whites (Howell et al.,
2017). This bias would, therefore, miss black patients at earlier stages of the disease
(Howell et al., 2017). Research with more diverse patient populations where sex is a
variable of interest is of great importance to the field. Similarly, while the current study
added sex as a covariate, research that has examined sex as a variable of interest has
found important sex differences which can further elucidate our findings. Literature
suggests that women have different language performance (Avila et al., 2019) and show a
different learning profile than men (Kramer et al., 1997). Cognitive decline patterns may
be different between women and men (Levine et al., 2021). Furthermore, recent findings
indicate that women show a sex-specific verbal memory advantage over men.
Sundermann and colleagues find that in those diagnosed with MCI, women’s total list
scores mask their true disease level (Sundermann et al., 2017; Sundermann et al., 2016).
By capturing an individual’s SPE profile from Learning to LD, and avoiding the
variability observed in total scores, disease may be captured earlier for women
(Gammada et al., 2019). Thus, adding sex as a variable of interest could be valuable for
future studies.
The ADNI longitudinal data gave our study the ability to measure risk factors for
AD many years prior to clinical diagnosis. Furthermore, the wide range of years for the
last known diagnosis (0.5 years – 12 years) was accounted for in our cox regression
models. However, a limitation is that it is not known why individuals dropped out form
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the study: they could have later progressed to disease, or they may have dropped out of
the study for alternate, unknown reasons. We were unable to capture these possibilities in
our analyses. Another limitation of the study was the large number of analyses that were
conducted. This increases the possibility of Type I errors. However, as described above,
cluster corrections were performed for multiple comparisons in FreeSurfer to limit the
impact of these analyses in the imaging data. Additionally, we chose to analyze the HC
and MCI samples separately. However, we could have pooled the data and added status
as a covariate which would have permitted for greater variance and a greater ability to
capture effects that were lost by limiting the sample size. However, given group
differences at baseline, it was important to first analyze these groups separately. A future
study may wish to pool these groups to allow for greater variability. We also ran whole
brain analyses. Future studies should conduct ROI analyses to determine whether
significant associations with critical brain regions may have been missed by the whole
brain analyses. Additional lateralizing analyses could also further elucidate
neuroanatomical findings. Furthermore, given the behavioral findings and the
implications of brain network involvement, more comprehensive approaches including
network analyses may be important for this population rather than a strict focus on
discrete or distinct brain areas.

In summary, the current study has newly contributed to the value of investigating
conversion to AD using the highly sensitive and theoretically supported metrics of serial
position effects. The study emphasizes the value of short delay recall in understanding
mechanisms of encoding and recall prior to the development of frank AD. We believe
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that this is a cost-effective, accurate cognitive marker for disease detection should play a
greater role in diagnosis and drug efficacy.

58

59

TABLES AND FIGURES

SPE PROFILES AND NEUROANATOMICAL CORRELATES: PREDICTORS OF CONVERSION TO AD

60

4.3  2.8

47 (23%)
4.3  2.8

MCI: Converted to MCI or AD; MCI: Converted to AD

HC, Healthy Controls; MCI, Mild Cognitive Impairment; AD, Alzheimer’s disease. Values are expressed as mean  standard deviation or number
(percentage) for the demographic characteristics.

Time to last known diagnosis (years)

197(56%)

153 (77%)

156 (44%)

198 (56%)

1 (0.5%)

8 (2%)

10 (3%)

321 (91%)

1 (0.5%)

11 (3%)

HC: Remained HC; MCI: Remained MCI

Conversion Status

48 (24%)

2 (1%)

Asian

APOE-ε4 carriers

2 (1%)

182 (91%)

-

Hispanic White

Non-Hispanic White

Hispanic Black

14 (7%)

97 (49%)

Female

Non-Hispanic Black

15.7  2.9

16.1  2.9

Education (years)

Race

75.0  7.3

76.2  5.0

Age (years)

123 (35%)

N = 353

MCI

N = 200

Demographics

HC

Table 1. Demographic and clinical characteristics at Baseline of Healthy Controls (HC, N=200) and Mild Cognitive Impairment
(MCI, N = 353).
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.02*
.92

p-value

SE
0.15
0.08

.11
.58
.26

p-value

SE
0.17
0.13
0.14

.10
.03*
.07

0.11
0.08
0.08

p-value

SE

*<.05, **<.01, ***<.001
All models covaried for sex, education, age and APOE-ε4 status.

Primacy at SD 1.41
Mid+Rec at SD 1.01

Recency at Learning 1.28
Recency at SD 1.07
Recency at LD 1.17
Hazard
SPE-Primacy and Mid+Rec Model
ratio/Exp(β)

Middle at Learning 1.12
Middle at SD 1.19
Middle at LD 1.16
Hazard
SPE-Recency Models
ratio/Exp(β)

.77
.002**
.44

p-value

0.16
0.11
0.12

Hazard
ratio/Exp(β) SE

Primacy at Learning 1.05
Primacy at SD 1.42
Primacy at LD 1.10
Hazard
SPE-Middle Models
ratio/Exp(β)

SPE-Primacy Models

0.125 351.35

1.05 – 1.89
0.87 – 1.17

AIC

R2
95% CI

0.093 356.46
0.085 358.21
0.09 356.61

0.92 – 1.78
0.83 – 1.38
0.89 – 1.54

AIC

R2
95% CI

0.097 355.78
0.106 353.68
0.101 355.65

0.97 – 1.47
1.02 – 1.38
0.99 – 1.36

AIC

R2

95% CI

0.084 358.41
0.125 349.36
0.089 357.32

0.77 – 1.43
1.14 – 1.78
0.87 – 1.39

AIC

R2

95% CI

Table 2. SPE-Index Scores: Cox Regression Models measuring HC Conversion to MCI-AD
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p-value

SE

AIC

AIC

1.07 – 1.29

1.01 – 1.45

1850.19
0.160 1854.48

0.17

R2
AIC
0.178 1846.74
95% CI
1.17 – 1.59
1.19 – 1.45
1.05 – 1.89
0.87 – 1.17

p-value
<.001***
<.001***
<.001***
.003**
.04*
<.001***

AIC
0.061 1891.36
0.059 1892.16
0.104 1874.94

R2

0.149 1856.96
0.157 1853.46
0.141 1860.38

R2

0.101 1875.39
0.147 1857.93
0.131 1864.31

R2

.03*
1.02 – 1.44
.06
1.00 – 1.32
<.001*** 1.24 – 1.82

95% CI

<.001*** 1.29 – 1.66
<.001*** 1.25 – 1.56
<.001*** 1.20 – 1.47

0.06
0.06
0.05

Recency at Learning 1.21
0.09
Recency at SD 1.15
0.07
Recency at LD 1.50
0.10
Hazard
SPE-Primacy and Mid+Rec Models
ratio/Exp(β) SE
Primacy at Learning 1.36
0.08
Mid+ Rec at Learning 1.31
0.05
Primacy at SD 1.34
0.08
Mid+Rec at SD 1.14
0.04
Primacy at LD 1.21
0.09
Mid+Rec at LD 1.18
0.05
*<.05, **<.01, ***<.001
All models covaried for sex, education, age and APOE-ε4 status.

Middle at Learning 1.46
Middle at SD 1.39
Middle at LD 1.33
Hazard
SPE-Recency Models
ratio/Exp(β)

95% CI

p-value

SE

95% CI

<.001*** 1.21 – 1.64
<.001*** 1.30 – 1.70
<.001*** 1.27 – 1.70

p-value

0.08
0.07
0.08

Hazard
ratio/Exp(β) SE

Primacy at Learning 1.41
Primacy at SD 1.48
Primacy at LD 1.47
Hazard
SPE-Middle Models
ratio/Exp(β)

SPE-Primacy Models

Table 3. SPE-Index Scores: Cox Regression Models measuring MCI Conversion to AD
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Hazard
ratio/Exp(β) SE

J-Shape 0.88
0.58
Recency Drop 1.09
0.46
Primacy Progression 0.87
0.56
Hazard
MCI SPE-Contrast Models
ratio/Exp(β) SE
J-Shape 1.90
0.26
Recency Drop 0.84
0.25
Primacy Progression 0.47
0.29
*<.05, **<.01, ***<.001
All models covaried for sex, education, age and APOE-ε4 status.

HC SPE-Contrast Models

AIC
1889.75
1895.39
1889.12

95% CI
1.14 – 3.16
0.51 – 1.36
0.26 – 0.83

p-value
.01*
.47
.009**

R2
0.066
0.051
0.067

0.084 358.47
0.084 358.48
0.086 357.87

0.28 – 2.76
0.44 – 2.67
0.29 – 2.62

.83
.86
.81

AIC

R2

95% CI

p-value

Table 4. SPE-Contrast scores in HC and MCI: Cox Regression Models measuring HC conversion to MCI-AD or MCI conversion to
AD
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Total-RAVLT at Learning 1.11
0.06
Total-RAVLT at SD 1.12
0.04
Total-RAVLT at LD 1.09
0.05
Hazard
MCI Total-RAVLT Models
ratio/Exp(β) SE
Total-RAVLT at Learning 1.33
0.04
Total-RAVLT at SD 1.20
0.03
Total-RAVLT at LD 1.19
0.03
*<.05, **<.01, ***<.001
All models covaried for sex, education, age and APOE-ε4 status.

HC Total-RAVLT Models

Hazard
ratio/Exp(β) SE

AIC
1844.89
1850.96
1852.53

95% CI
1.22 – 1.44
1.13 – 1.27
1.12 – 1.26

p-value
<.001***
<.001***
<.001***

R2
0.178
0.163
0.19

0.096 355.86
0.114 351.89
0.10 354.86

0.98 – 1.25
1.03 – 1.22
0.99 – 1.19

.11
.009**
.08

AIC

R2

95% CI

p-value

Table 5. Total--RAVLT scores in HC and MCI: Cox Regression Models measuring HC conversion to MCI-AD or MCI conversion to
AD
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4.6  2.8

41 (26%)
6.4  3.3

MCI: Converted to MCI or AD; MCI: Converted to AD

HC, Healthy Controls; MCI, Mild Cognitive Impairment; AD, Alzheimer’s disease. Values are expressed as mean  standard deviation or number
(percentage) for the demographic characteristics.

Time to last known diagnosis (years)

144(54%)

117 (74%)

125 (46%)

155(58%)

9 (3%)

9 (3%)

242 (90%)

-

9 (4%)

HC: Remained HC; MCI: Remained MCI

Conversion Status

38 (24%)

2 (1%)

Asian

APOE-ε4 carriers

2 (1%)

142 (90%)

-

Hispanic White

Non-Hispanic White

Hispanic Black

12 (8%)

77 (49%)

Women

Non-Hispanic Black

15.6  3.0

16.1  2.9

Education (years)

Race

75.6  7.2

75.6  4.8

Age (years)

105 (39%)

N = 269

MCI

N = 158

Demographics

HC

Table 6. Demographic and clinical characteristics at Baseline of Healthy Controls (HC, N=158) and Mild Cognitive Impairment
(MCI, N = 269).
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Table 7. HC: Significant findings from Whole brain linear regression models including all control variables in HC for volume and
thickness.
SPE
Time
Cortical Thickness
Cluster
CWP
MNI-coordinates
Position
Point
Area
size
x
y
z
Recency
Long
L
Medial
185
.02
-9
30
-13
Delay
orbitofrontal
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R
L
L
L
L
L
L
L
L
R
L
L
R
R
R
R

Learning

Long Delay
Learning

Short Delay

Primacy

Middle

Long Delay

L
L
L
R
L

Time Point

SPE
Position

Thickness
Thickness
Thickness
Thickness
Volume
Volume

Thickness
Volume
Thickness
Thickness
Thickness
Thickness
Thickness
Thickness
Thickness
Thickness

Volume
Volume
Volume
Volume
Thickness

Volume/Thickness

Rostral middle frontal
Pars opercularis
Insula
Superior parietal
Middle temporal
Transverse temporal

Fusiform
Superior frontal
Precuneus
Pars opercularis
Rostral middle frontal
Inferior temporal
Inferior temporal
Rostral middle frontal
Inferior temporal
Insula

Superior parietal
Medial orbitofrontal
Pars orbitalis
Medial Orbitofrontal
Fusiform

Cortical Area

235
186
452
191
316
237

324
288
306
244
229
193
187
170
165
455

263
241
187
197
424

Cluster size

.007
.03
<.001
.03
.001
.01

<.001
.004
.002
.006
.008
.02
.03
.04
.04
<.001

.007
.01
.04
.03
<.001

CWP

-42
-51
34
26
55
44

30
-8
-12
-50
-44
-41
-46
-31
-57
32

x
-27
-7
-40
7
-32

24
9
-18
-74
-47
-27

-55
61
-59
10
29
-54
-7
48
-40
-25

19
1
18
25
-8
7

-13
1
20
6
30
-10
-36
8
-16
16

MNI-coordinates
y
z
-52
63
17
-18
49
-8
17
-20
-53
-12

Table 8. MCI: Significant Aim 2a findings from Whole brain linear regression models including all control variables for volume and
thickness.
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L
L
R
R
R
R
R
R

Short Delay

TotalRAVLT
scores

L
R
R
R
R
R
R
R
L
L
L
L
L
L
R

Short Delay

Long Delay

Learning

Long Delay

Thickness
Thickness

L
R

Learning

Middle +
Recency

Volume
Thickness
Thickness
Thickness
Volume
Thickness
Thickness
Thickness

Volume
Thickness
Thickness
Thickness
Thickness
Volume
Volume
Thickness
Volume
Volume
Thickness
Thickness
Thickness
Thickness
Thickness

Volume/Thickness

Time Point

SPE
Position

Frontal pole
Superior parietal
Insula
Superior parietal
Middle temporal
Transverse temporal
Superior parietal
Fusiform

Superior parietal
Insula
Middle temporal
Lateral orbitofrontal
Superior parietal
Transverse temporal
Middle temporal
Transverse temporal
Superior frontal
Superior parietal
Precuneus
Pars opercularis
Fusiform
Inferior temporal
Insula

Pars opercularis
Insula

Cortical Area

261
183
261
184
245
188
173
172

291
320
178
173
162
270
256
179
314
195
357
248
178
176
327

199
323

Cluster size

.007
.03
.004
.03
.01
.03
.04
.04

.004
<.001
.03
.04
.04
.006
.009
.03
.003
.03
<.001
.005
.03
.04
<.001

.02
<.001

CWP

-11
-17
34
26
53
44
27
41

-23
34
48
18
26
44
53
42
-8
-23
-7
-49
-35
-46
32

x
-49
32

60
-76
-18
-75
-52
-25
-73
-61

-74
-18
-32
26
-75
-27
-52
-24
61
-74
-61
10
-46
-8
-28

y
10
-27

-9
35
18
25
-6
9
24
-18

31
18
-8
-22
25
8
-6
8
0
28
17
8
-10
-34
13

z
8
13

MNI-coordinates

Table 9. MCI: Significant findings of Aim 2b from Whole brain linear regression models including all control variables in MCI for volume and thickness.
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R superior
parietal
R middle
temporal
R lateral
orbitofrontal
R transverse
temporal

R insula

L pars
opercularis
L rostral
middle
frontal
L inferior
temporal
L superior
parietal
R fusiform

L precuneus

R medial
orbitofrontal
R middle
temporal
R transverse
temporal
L fusiform

L superior
parietal
L medial
orbitofrontal
L pars
orbitalis
L superior
frontal
L frontal pole

All areas displayed p<.05

Thicknes
s

Volume

Cortical
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Table 10. MCI: SPE-Index scores and Total-RAVLT scores with associated areas of cortical volume and thickness
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• HC at Baseline
• MCI at Baseline

Aim 2b: Total-RAVLT scores
and their correlates to cortical
volume and thickness

• HC at Baseline
• MCI at Baseline

Aim 2a: SPE-Index and
their correlates to cortical
volume and thickness

Aim 2: Neuroanatomical Correlates

*Aim 1 measures the various scores’ (SPE-Index, SPE-Contrast, Total-RAVLT) explanatory value for conversion in HC to MCI or AD and in
MCI to AD

• HC at Baseline
• MCI at Baseline

Aim 1c: TotalRAVLT scores Risk
of conversion

• HC at Baseline
• MCI at Baseline

Aim 1b: SPEContrast scores Risk
of Conversion

• HC at Baseline
• MCI at Baseline

Aim 1a: SPE-Index
Risk of Conversion

Aim 1: Behavioral Data

Figure 1. Study Aims
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